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^ (54) Title: DERIVATIZATION AND SOLUBILIZAnON OF INSOLUBLE CLASSES OFFULLERENES 
l> 

(57) Abstract: This invention provides improved methods for the derivatization and solubilization of fulleienes, which are particu- 
larly useful for those fhllerenes that are normally insoluble and which are specifically applied, among others, to endohedral fullerenes, 

^ including endohedral metalloftiUerenes; empty fiillerenes, including small-bandg^ fullerenes and other insoluble fullerenes and to 
very high molecular weight fullerenic materi^s generated in fiillerenic soot, including giant fullerenes, fullerenic polymers, carbon 
nanotubes and metal-carbon nanoencapsulates. More specifically the invention relates to improved methods for cyclopropanation of 

S fullerenes. Specific reaction conditions are provided which allow for cyclopropanation reactions to be succesfully performed for the 
first time on insoluble classes of fullerenes. Also provided is a method for purification of one or more fullerenes fiom a fuDerenic 

O material containing the one or more fullerenes in addition to non-fullerenic carbonaceous material, particularly amorphous carbona- 

^ ceous material, by derivatizing one or more fullerenes using the methods of the invention and separating soluble derivatizes fiillmnes 
firom insoluble materials. 
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DERIVATIZATION AND SOLUBILIZATION OF 
INSOLUBLE CLASSES OF FULLERENES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims priority to U.S. pzovisional application serial number 60/326353 
filed October 1, 2001 and to U.S. provisional application serial number 60/371380 ffled 
April 9, 2002, which are both incorporated by refereixce herein in flieir entirety. 

BACKGROUND OF THE INVENTION 
This invention describes improved metiiods for derivatization and solubilization of fuUeienes. 

Since fiiUerenes were firet macroscopicaUy produced by the arc method in 1990 (KrStschmer, 
1990), their exohedral derivatization chemistry has proceeded. The organic functionalization 
of fiiUerenes has been extensively reviewed CHirsch^ 1994(a); Wilson, 2000(a,b)) as well as 
their inorganic/organometallic fimctionalization chemistry (Balch, 1998). Because fiiUerenes 
possess no substituents, their exohedral derivatization chemistiy begins exclusively with 
addition reactions to their carboii surface, most commonly by 1,2 bis-addition across the 
reactive carbon-carbon double bonds of the fiiUerene. 

A fiihdamental characteristic of fiiUwenes is their electrophiUc nature (Reed, 2000) and as a 
consequence most reported derivatization involves the addition of micleophiUc reagents. A 
particular kind of nucleophiUc addition of widely recognized utility is cyclopropanation 
which was first reported by Bingel (Bingel, 1993). A general example of this so-caUed 
"Bingel" reaction is Ulustrated by the series of steps shown below in Figure 1 . 

Many scientific p^ers and reports concern the Bingel-type cyclopropanation of the fiiUerene 
surface (Bingel, 1993; Bingel, 1995; Bmgel, 1998 as weU as PCT-WO96/09275A1, 
EP00695287B1, andEP00782560Al; Brettreich, 1998; C&xnps; 1997; Hirsch, 1994(a); 
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Hirsch, 1994(b); Lampartii, 1994; Lamparth, 1997; Nierengarten, 1997; Richardson, 2000; 
Wei, 2001; Wharton, 2001; Wilson 2000(b)). A piimary reference for general organic 
reactions between stabilized niipleophiles and electron-deficient alkenes (non-fidlerenes) is 
that of Jung (1991). 

5 

The earliest examples of Bjngel-type cyclopropanation pf the follerene sur&ce involved base- 
induced depiotonatipn of an a-halp ketone, forming a relatively stabilized nucleophilic 
caibanipn that attacks the electron deficient fiillerene. Bingel's initial study enq)loyed NaH 
as the base, which forms gaseous hydrogen by combination of tjie metal hydride and the 
10 removed proton (Step 1). The incipient Na* salt of the carbanion may be very strongly ion 
paired in the nonpolar solvents typically used (toluene, etc.). The carbanion may be partially 
stabilized by adjacent electron withdrawing substituents (the a-halogen, carbonyls, phenyls, 
etc. that are electronegative and/or inductively withdraw electron density) that simultaneously 
may or may not additionally enh^e stability via electron delocalization (resonance). 

15 

The nucleophiUc carbanion immediately attacks the fiill«ene, forming a new bond (Step 2). 
The cyclopropanation is conqjlete following flie spontanepus elimmation of the halide anion 
(or other current leaving groiq>) (Step 3). The net reaction thtis occurs via an 
addition/elimination mechanism. While the mechanism illustrated in Figure 1 is believed to 

20 be the most likely mechanism for the reaction, less-likely altenmtives east indudmg a 
concerted reaction and gn electron transfer route. By using excess quantities of reagents, 
multiple groups can be added to the fiillerene surfece. The different products with different 
numbers of groups added and with different isomeric arrangements on the fiillerene smfece 
can then be purified and separated fix)m one another by chromatography. The fiillerenfes 

25 derivatized by cyclopropanation can also be referred to as methanofollerenes. When the 
Bingel reaction is performed on fiillerenes that are aheady derivatized, for example CeoFw, 
the a-halo substituent of the nucleophile may not fimction as the leaving group. Instead, a 
group previpusly pn the fiillerene departs leaving the nucleophile group attached to the 
fiillerene via the pt-sp' carbon witiiout <^clopropanation (Wei, 2001). 

30 

Conditions alternative tp those used by Bingel in his first report have beai (Jeveloped. One of 
the most popular changes has been the replacement of the insoluble base NaH with soluble 
amines, most notably DBU (1 ,8-di^bicyclo[5.4,0]undec-7-ene) (Camps, 1997). While this 



2 



wo 03/029137 PCTAJS02/31362 

base is strongly hindered, it has been reported to readily form covalent bonds ^th the sur&ce 
of C60 (Skiebe, 1994; Klos, 1994), 

Another modification to the standard Bingel conditions reported is the incipient production of 
5 the reactive a-halo compounds by in situ treatment of mono- and bis-malonates with 
halogen-releasing agents such as CBr4, 12, etc. (Camps, 1997; Nierengarten, 1997). This 
allows for the use of more elaborately substituted malonates for which the a-halo precursor is 
difScult to mdividually prepare and/or isolate as a reagent. Bingel-style addition of 
malonates has been used to link fuUerenes to a variety of substituentd of interest, for example, 
10 porphyrins. 

Addition of multiple groiqps to fuUerene sur&ces is usually performed stepvdse using excess 
reagents. Derivatives with specific numbers of addends can be separated fix)m derivatives 
with lesser or greater nimibers of addends by chromatographic or other standard techniques. 
15 Separation of the different regioisomers formed can also be performed chromatogrs^ically, 
but such separations can b^ e>q>ensive and laborious. 

For a Bingel-style multi-derivatization, a tetiier-directed addition strategy offers control over 
regiospecificity of addition (location pattern of the cyclopropanations) and the number of 

20 addend groups in a pre-determined way while increasing yields over traditional derivatization • 
strategies, as reviewed by Diederich et al. (Diederich^ F.; Kessinga:, R. (1999). 'Templated 
Regioselective and Stereoselective Synthesis in Fullerene Chemistry," ^cc. ChenL Res., 32, 
537-545). The tether strategy uses multi-fimctional reaction substrates cojdined in one 
molecule by covalent moieties of variable length separating these fimctionalities, which iare 

25 themselves variable in number. 

Tether-directed fomxation of Ceo trisadducts has been reported previously by Rapenne et al. 
(Rapenne, G.; Crassous, J.; Collet, A.; Echegoyen, L.; Diederich, F. (1999). "Regioselective 
one-stq) synthesis of trans-Sytrans-dytransS^and e,e,e [60]fullerene tris-adducts by a C3- 
30 symmetrical cyclotriveratrylene tether,' V. Chem. Soc. Chem. Commun. 1121-1122). Reuther 
et aL describe the use of cryc/o-[/i]-octylmalonates as an improved tether strategy (Reuther, 
U.; Brandmtiller, T.; Donaubauer, W.; Hampel, F.; Hirsch, A. (2002). "A Highly 
Regioselective Approach to Multiple Adducts of 050 Governed by Strain Mmimization of 
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MacrocycUc M^onate Addends," Chenu Eur. J., 8, 2261-2273). Reuther et al. used this 
Bingel-reaction based tether additioii process to form the C3 isomer (or e,e,e isomer) of the 
trisadduct C6o[C(COOH)2]3 in high yield with high specificity. Bingel-style addition of 
malonates has also been used to control the legiochemistry of addition by Wilson (Wilson, 
5 20p0(b)). 

Following Ihe Bingel cyclopropan^pn, the e^ groiips of jualonate addition piodiicte can be 
cleaved and converted p qt^r f«gictionaIi4es, effecting side-chain modificatiQn 
(Lampa^ 1 997). For fxample, the ester groups of Ihe Bingel addition product of 

10 diethylbromomalonate (Figure 1) can be converted to their respective carboxylic acids (or 
carboxylate salts of alkali metals, ete.) using the method of Hirsch (Lamparth, 1994). The 
carbo^qrlic acid and carbojcylate §alts (of niultiple adduces) qf the fullerepes are water-soluble, 
a property critical to tiie .development of IJie fullerenes' emerging medical applications. For 
example, multiply caybpxylated Qo has shown high potential as an antioxidant for treating 

15 xisimdcsssDsarsldy Other potential pharmaceutical 

applications for water-solubilized fullerenes incli^de HTV-protease inhil>ftors (Wilson, 
2000(a)), nuclear medicine agents (Cagle, 1999), and m vivo oihancers for medical imaging 
technique? including, e.g., M|U, X-ray, and nuclear imaging (^^lang, 1997; "^^n, 1999; 
Mlkawa,2001). 

20 

Typically, tibie Bingdl-^le cyclopropanation reactions of npn-deiiyatized fullerenes have 
been conducted in non-polar ^olvents such as aromatic hydrocarbons (benzene, toluene, ete.) 
that are also good solvents for common fullerenes (Ruof^ 1993). The fiillerenes derivatized 
in this numner have invariably belonged to the class of fuUerenes possessing largo: HOMO- 

25 LUMO gaps such as the most abundant fiillerene. Ceo, and the larger liigher" Cm fullerenes, 
e.g. C70, C76, C78, C82. C84, ete. A notable property of these large HOMO-LUMO gap- 
possessing fullerenes is solubility in common non-polar org^c solvents. Consequently, 
addition reaotioixs like the Bingel method outlined above are performed on solutions of these 
fullerepes. This exclu4f5S important classes of fullerene mate4als that are not soluble in these 

30 common organic solveqts. U.S. patent 5,739,376, issued to Bingel, reports formation of 
cyclopropanated derivatives of fullerenes in polar solvents including methylene chloride and 
chlorobenz^e. The fullerenes discussed in Bingel's patent (Ceo, C70, C76, C78) are expected 
to be soluble in these polar aprotic solvents prior to deriyatization. PCT published 
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application WO 96/09275 of Bingel also reports the generation of fullerene derivatives by 
certain cyclopropanation reactions. 



Chemical and electrochemical retio-Bingel reactions have been demonstrated by Echegoyen 
5 et al. (Moonen, 2000; Beulen, 2000). Addition of excess electrons (via exhaustive reduction) 
to methanofuUerene derivatives regenerates underivatized fidlerenes. Addition of less than 
an excess amount of electrons induces only a substituent migration or a '*walk-on-the-sphere" 
isomexization of the methanofiillerene groups (Kessinger, 1998). 

10 There are a number of additional reports of methods for derivatizatioh of fuUerenes. Gugel, 
U.S. patent 5,763,719, reports methods for makmg theraially stable Merenes. Murphy et al., 
U.S. patent 6,162,926 and PCT published application W09636631, report methods for 
making multiply-substituted fiillerenes. Cahill and Henderson, U.S. patent 5,475,172, report 
methods of functionalizing ftillerenes employing organoborane intermediates. Mattay et al., 

15 PCX published application WO 96261 86, reports methods for the generation of azafiillerenes. 
Hinokuma et al., EP 1 071 149, reports the introduction of one or more proton releasable 
groups such as OH and SO3H into fuUerenes. Kampe et al., U.S. patent 5,587,476 and PCT 
published application WO 9405671, report fullerene derivatives prepared by reaction with 
diamines. Chiang, U.S. patents 5,648,523; 5,994,410; 6,020,523 and 6,046,361, reports the 

20 preparation of fullerene derivatives including polyorganofuilerenes and water-soluble 

fullerene derivatives, Friedman et al., U.S. patents 5,811,460 and 6,204^91, report water- 
soluble fullerene derivatives. Schriver et al., U.S. patent 5,503,643, reports fuel oil- 
substituted fuUerenes. 

25 Endohedral fuUerenes are those fuUermes encapsulating an atom or atoms in their hollow 
interior spaces. They are written with the general fomiula Mm@C2n, where M is iemi element, 
m is the integer 1 , 2, 3 or higher, and n is an integer number. The symbol refers to the 
endohedral or interior nature of the M atom inside of the fullerene cage. Aspects of 
endohedral metallofiillerenes have been reviewed OBethune, 1993; Nagase, 1996; Nagase, 

30 2000; Shinohara, 2000; Liu, 2000). 

Endohedral fuUerenes corresponding to most of the empty fullerene cages have been 
produced and detected under varied conditions. Because the endohedral element is 
completely encased by the spherical fullerene shell, it is not released to the exterior except 
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under cage-destructive conditions (heat, long-duration e>q)osure to strong acids, etc.). 
Endohedrals containing lanthajiide, transition, alkali, and alkaline earth metals have by far 
received the most attention to date, although studies on non-metallo endohedrals such as 
He@C6o» N@C6o» P@C$o, etc. e^Q developing. The major production technique for producing 
5 endohedral metallofulleienes is the Kratschmer-HufiOtnan style resistive heating of graphite 
rods that are impregnated with metals or metal salts. Typically, metallofiillerenes comprise 
only several percent of the total fidleraie yield in the caifoon arc production method. 

Of the Mm(^C2n metallp-eiidp}|edrals, those having the particular formulation M@C82 (with 
10 M = a lanthanide element) have been the subjects of most investigations to date. This is 
• largely due to the solubility of the M@C82 closed-shell species in common solvents. Because 
of their solubility, they ca^ be separated from the enipty fiillerenes and other endohedral 
metallofiillerenes, including their different cage isomers, by chromatographic methods. Their 
solubility also allows for standard derivatizations to be performed on the metallo-endohedral 
15 fullerenes, by analog to the derivation of empty large HOMO-LUMO gap fidlerehes. 

The study of other M^C2a £ga4 multiple-me^ containing Mni(^C2a materials is proceeding at 
mojce slqvAy bepausi? many of these jgnllerenes are intrinsically insoluble in the conunon, non- 
reactive hycirocarbon and arene solvents normally used for Ceo, etc. Without wishing to be 
20 boxmd by any particular theory, the most likely explanation for their iosoliibility is the 
spontaneous formation of intcamplepular polymers. 

Hie "polymerization" which occur? for certain metallofiillerenes, most notably the M@C6o 
species, derive^, frofli thefr electronic structures. TTie electronic structure of a 

25 metallpfullerene of course encompasses the interior metal and any electrons it donates to the 
fullerene cage molecular orbital. Essentiqjly, these fullerenes have small HOMO-LUMO or 
band gaps such that the molecules are open-shell or very close in energy to being open shell. 
Functionally equivalent descriptions to this situation include l^e descriptipus that 
metallofuUerenes possess "radical sites", "dangUng bo^ds", or "upfijlfiUed vacancies"- Moat 

30 endohedral metallofullei;enes have b^en found to contain metals which donate three electrons 
(per metal) forming endohedral M^ ions inside of ^ fullerene cage now having three "extra" 
electrons relative to a cage ydlljout a metal inside. Such an endohedral metallo&llerene 
niolecule is a zwitterion, with a cationic metal "core" and anionic fullerene (fulleride) caige. 
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Because the number of electrons transferred to the fuUerme cage (three) is an odd number, 
there has to be an unpaired electron, i.e. the molecule is a radical. As many radicals dp, they 
dunerize or oligomerize spontaneously "quenching" their free radical status. To free them 
from their intramolecularly cross-linked matrix, their electronic stmctiires must be altered. 
5 To eliminate radical behavior, redox chemistry (addition or removal of molecular electron(s)) 
can be performed, or they can be derivadzed exohedrally by substituent groups. It should be 
pointed out fliat the matrix of '^polymerized" insoluble endohedral fullerenes likely contains 
some small percentage of soluble Cin species interstitially trapped and/or bonded to other 
endohedral fullerenes, as a consequence of heterogeneous nature of friUerene generation in 
10 the arc process. 

Despite the relatively low availability of samples of endohedral fullerenes, their 
derivatization chemistry is also proceeding (Kato, 1997). Examples include the 
derivatizadon of the soluble endohedral metallofuUerenes M@C82 (M = La, Gd), La2@C8o, 

15 and Sc2@Cs4 disiliranes and digermanes (Akasaka^ 199S(a); Akasaka, 199S(b); 
Akasaka, 1995(c); Yamamoto, 1999). Suzuki and co-wdtkers reported the reaction of 
La@C82 >vitfa substituted caibenes derived from dia2X>xnethanes to produce cyclopropanated 
derivatives (Suzuki, 1995; Yamamoto, 1998). Various groups have reported the 
polyhydroxylation of endohedral metallofuUerenes including Ho@C82 (Cagle, 1999), 

20 H02@C82 (Cagle, 1999), Pr@C82 (Sun, 1999), and Gd@C82 (Wilson, 1999; Mikawa, 2001). 

Patents involving the exohedral derivatization of endohedral metallofuUerenes include US 
Patent5,717,076(Yamamoto, 1998) andUS Patent 5,869,626 (Yamamoto, 1999). The first 
involves cyeldpropanations conducted in a completely diflferent manner than Bingel-style 
25 reactions and adding four or fewer groups to the fullerene surfrice, while the second is an 
unrelated type of derivatization: 

Bingel-style cyclopropanations have not been reported on endohedral metaUofiillerenes. 
Bingel-style cyclopropanations have been reported on minute amounts of 'ineff ' endohedral 
30 fullerenes present in trace levels (10"^ M or lOOppm) in Ceo matrices, including N@C^ 
(Dietel, 1999), ^He@C6o (Cross, 1996) (and^H@C6o (Khong, 2000)). These materials were 
produced for EPR and ^He-NMR detection pxirposes. Both techniques are very sensitive to 
trace amounts of spectroscopically active material present in a matrix of dominantly unactive 
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material. ]>Jeither has rgdical chara^cter expressed by the fullerene cage, e?q)lmmng their 
apparent solubility and Igck of difference in reactivity for Bigel-style cyclopropanation from 
tibat of C60. 

5 Reaction of M@C6o (a^^ »^C7o, etc.) with nucleophilic solvents to extract soluble surface- 
modified (normally insoluble) M@C>2n species has been demonstrated with the nitrogen-bases 
aniline and pyridine, ^^x^mplps of solvents used and ezidohedial fiillerenes extracted incl\)de: 
aniline for M@C6o (M = Y, Ba, La, ^e, Pr, Nd, Gd; Kubozono. 1996Cb)), aniline for Bu@C6o 
(Inoue, 2000), anilme for Ei:@C6o (Ogawa, 2000), aniline for Ca@C60 and Sr@C6o 

10 (Kubozono, 1996(a)), pyridine for Ca@C6o (Kubozono, 1995), and pyridine for mixed 
M@C2n (M = La, Ce; I,iu 1998). These highly nucleophilic solvents, with strongly 
coordinating amine nitrogen groups, may irreversibly produce soluble, poly-solvent 
coordinated species. The chemical nature of the surface attachmept has not been analytically 
determined; a covalent HifJ^P is most likely. The formation of adducts may proceed via 

15 charge-trapsfer, donor-§cceptor complexes, aad/or reduced fullerene species prior to ppvalent 
bond formation (Skiebe, 1994; Klos, 1994). In general, the solvent molecules in these cases 
cannot be reijapved fiop^ bonding to the fbllerene cages, for example by applying reduced 
pressure aud/or non-destracdve heat 

20 Gtlgel, Mflllen and co-workers yejiorted the exti:3?.ctjpn of gifipt fullerenes firom arc-pioduped 
fullerene soot by an kreversible Diels-Aldd cycloaddition strategy ushig ortho- 
quinodimethanes (Beer et al., 1 997). These highly reactive intermediates, obtained by thermal 
extrusion of sulfur dioxide jftom the requisite organic thiophenes, add irreversibly across 
fullerene carbon-carbon double bonds. Other reports on giant fullerene and SBF 

25 solubilizations include the following. There are several reports of solvent extraction of 
**gianf ' fullerenes C2n (n > 50) with high-boiling arene solvents (Parker, 1991; Diederich, 
1991). Yeretzian et al. conducted a study of gradient sublimation on empty and endohedral 
metailofullerenes, showing that the technique could be used to generate a partial enrichment 
of the larger (empty) Can (n ^ 47) fullerenes without solvents (Yerqtzian, 1993). The 3BF C74 

30 specifically was solubilized by electrochenaical one-electron reduction, which was used to 
separate it from the more nmnerous laige-bandggp fullerenes (Diener, 1998). 
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The mediicinal applications of follerene compounds have been reviewed by several authors 
(Wilson, 1999; Wilson, 2000(a)). Watson et al, mention use of endohedral fiillerenes in 
applications like medical imaging in their U.S. patent (Watson, 1997), but provide few details 
on how the application would be achieved. Gd chelates as MRI contrast agents have been 

5 thoroughly reviewed by Caravan and others (Caravan, 1999). Zhang (1997), Wilson (1999), 
and Mikawa (2001) reported aqueous relaxivity measxurements on Gd@C82(OH)x, showing 
higher Ri values than obtained with conventional inorganic chelates. Neutron activation of 
^^^Hom@C2ii to ^^^Om@C2n with a biodistribution study was reported (Cagle, 1996; Cagle, 
1999). Dugan and co-workers have reported medicinal antioxidant and other properties of 

10 "Bmgelated" Ceo (Dugan, 2000). 

There remains a need in the art for improved methods of derivatization and/or solubilization 
of fuUeienes, especially of non-derivatized and derivatized fiillerenic species that are 
inusoluble or substantially insoluble in polar aprotic solvents. 

15 

SUMMARY OF THE INVENTION 
This invention describes improved methods for the derivatization and solubilization of 
fullerenes, which are particularly useful for tiiose fullerenes that are normally insoluble and 
which are specifically ^plied, among others, to endohedral fullerenes, including endohedral 

20 metallofuUerenes; empty fullerenes, including small-bandgap fullerenes and other insoluble 
fullerenes and to very high molecular weight fullerenic materials generated in fullerenic soot, 
including giant fiiUerenes, fiiilerenic polymers, carbon iianotubes and metal-Ksarbon 
nanoencapsulates. The improved methods can also be generally applied to soluble fullerenes 
to in:5)rove the speed or eflBLdency of derivatization. The improved methods herein can 

25 further be applied to fullerenes that already contain one or more functional groups on their 
surfeces, i,e-, derivatized fullerenes, and particularly to derivatized fiillerenes that are not 
soluble or arc only partially soluble in a selected solvent, to increase the number of functional . 
groups on the already derivatized fuUerene and/or increase the solubility of the further 
derivatized fullerene in a selected solvent. 

30 

The methods herein can be applied to form derivatives containing one or more exohedral 
functional groups on fullerene species. More specifically the invention relates to improved 
methods for cyclopropanation of fullerenic species which are particularly useful for 

9 
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deiivatizgition of the extepor sxirface of insoluble fullerenic species, inclii^ding insoluble 
empty fuUerenes, endphedral fuUerenes and very Ijugh molecxjar weight fullerenic species 
(i.e., gianf fuUerenes, carboy piauqtubes and metal-carbon nanoencapsulates). As u^cd herein 
cyclopropmation refers to the formation of a cyclopropyl ring by C a4dition to the fullerene 
surface and to silacyclopropanation which forms a silacyclopropyl ring by Si addition to the 
fullerene surface. An inxporta]:^t aspect of this invention is the provision of specific reaction 
conditions which allow for cyplopropanation reactions to be supcessfuUy performed for the 
fust tiiiae pn insoluble c][{i$ses of fi^ 

hi specific embodiments, the 4eriyatives foime^ have increased solubility in solvents 
conunonly eniployed for fuUerenes (e.g., non-polar hydrocarbon and arene solvents) 
fecilitating separation and purification of fullerenic species and/or enhancing the scope of 
applicationLS of the fullerene species. In ot)ier specific embodiments, the derivatives formed 
have increased solubility in water f^ciUtating separ^on and purijgc^pn and/or enhapcing 
the scope of appUcatidn^ of the fullerenic species. Thus, the invention provides methods fi)r 
derivatization of fullerenic species as well as metiiods fi)r solubilization of insoluble 
fuUer^c species in a selected solvent or type of solvent through derivatization with 
exohedral functional groups which enhance solubility in tiiat solvent or solvent type. The 
invention fu|1her provides methods for purification of nprmaily insoluble fullerenic species 
fix>m normally soluble fullerenic nipterials and more importantiy firom oth^ normally 
insoluble fullerenic species. For example, derivatization and solubilizafipn of formally 
insoluble fidlerenic spfipies fiuifilitates the application of separatiqii and purificatipn meflipds 
that are known in the art and have been applied to the separation and purification of normally 
soluble fUUisr^c species, such as chromatographic separations and recrystallization methods. 

Derivatives of fullerenic species niiay remain insoluble or have low solubility in cornmon 
solvents. Therefore the method of this invention can ^so be £5>pli€?d to fullerenic species that 
c^rry one or more fiu^ctional groups (i.e., derivatized fizlleienic species) made l?y any known 
method aQd particularly to those derivatized fullerenic species which ren:iain insolublef or 
substantially insoluble in common solvents. In particular tiie method is useful for furtiier 
derivatizatioQ of deri^^dzed fuUerenic sfpecies which apre insoluble, substentially irisoluble or 
slightly soluble in non-pplar aprotic organic solvents and polar aprotic organic solvents. 
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The invention also provides derivatized fuUerenic species, particularly derivatives of 
normally insoluble fiillerenes, particularly those of endohedral fullerenes, empty small-band 
gap and other insoluble empty fullerenes, and very high molecular weight fullerenic species. 
The derivatized fullerenic species of the invention may cany one or more functional groups. 

5 

The invention further provides a method for purification of one or more fullerenes from a 
fullerenic material containing the one or more fullerenes in addition to non-^fullereni c 
carbonaceoiis material, particularly amorphous carbonaceous material. The method is 
particularly useful for application to one or more fiillerenes that are insoluble in typical non- 
10 polar solvents- In this method the one or more fullerenes are derivatized with a 

cyclopropanation reagent to at least add a sufficient number of functional groups to the one or 
more fullerenes so that the derivatized fullerenes are substantially soluble in a selected 
solvent Insoluble non-derivatized or partially derivatized fullerenes and insoluble non- 
fullerenic carbonaceous material in the starting fullerenic material can be separated &om the 
15 one or more derivatized soluble fullerenes. After separation from insoluble materials, the one 
or more derivatized soluble fiillerraes can then be treated if desired to remove cyclopropyl 
adducts and the functional groups that they contain to regenerate the one-or more fullerenes 
that were initially derivatized in the piirification process. This process separates and purifies 
the one or more fullerenes fix>m otiier insoluble fullerenes and insoluble non-fiillerenic 
20 carbonaceous material that is typically present in fullerenic materials, including soot 
generated in combustion synthesis or arc synthesis. 

This invention further provides fullerenes or mixtures of fullerenes that are derivatized by the 
methods of this invention and/or fullerenes or mixtures of fullerenes that are purified by the 
25 methods of this invention. The invention is specifically directed to fullerenes, mcluding 
endohedral fullereiies, that are derivatized to contain 5or inore, 5-10 or 10 or more 
cyclopropyl or silacyclopropyl adducts (e.g., >ARiRO generated by the methods of this 
invention. 

30 

BRIEF DESCRIFnON OF THE DRAWINGS 
Figure 1 is a schematic of the Bingel reaction on Ceo* 



11 



wo 03/029137 PCT/US02/31362 
Figure 2 shows a LD-TOS MS of a fuUerene mixture highly enriched in the insoluble classes 
of Gd@C2n endohedral metalloMlerenes. 

Figure 3 shows a LD-TOF M3 of derivatized Gd@C6o, Gd@C6o(C(COOCH2CH3)2)x 
Figure 4 shows a LD-TOF MS of solvent-washed C74 and Ctxi insolubles. 
5 Figure 5 shows a LD-TOF MS of C74 derivadzation products C74(C(COOCH2CH3)2)x. 
Figure 6 shows a LD-TOF MS of C74 derivatization products C74(C(COPh(Ph))2)x. 
Figure 7 shows a LD-TOF MS of solvent-washed combustion fidlerene soot 
Figure 8 shows a LD-TOF MS of giant fiillerenes that have been m;-derivatized after 
solubilization and filtration. 
10 Figure 9 shows a LD-TOF MS of empty Ceo dOTvatization prodticts C6o(C(COOCH2CH3)2)jl 

DETAILED DESCRIPTION OF THE INVENTION 
The term "fuUerene" is used generally herein to refer to any closed cage carbon 
compound containing both six-and five-member carbon rings independent of size and is 

15 intended to include the abimdant lower molecular weight Ceo ?cud C70 fliUerenes, larger 

known fuUerenies including C76, C78, and higter molecular weight fiiUerenes C2N where N 
is 50 or more (giant fiillerenes) v/tdch may be nested and/or multi-concentric fiillerenes. The 
tran is intended to include "solvent extractable fuUerenes'' as that tram is understood in the 
art (generally including the lower molecular wei^t fiiUwenes that ajre soluble in toluene or 

20 3cylene) and to include higher molecular weight fuUerenes that caimot be extracted, including 
giant fiillerenes vMch can be at least as large as C^oo- Additional classes of fuUerenes 
include, among others specifically noted herein, endohedral fiillerenes contains one or more 
elements, particularly one or rnpire metal elements, and heterofiillerenes in which one or more 
carbons of the fiillerene cage are substituted with a non-carbon element, such as B or N. The 

25 term fiallerenic material is used generally to refer to a material that contains a mixture of 
fiiUerenes or a mixture of one or more fiiUerenes witii non-fiiUerenes, e.g., amorphous 
carbonacisous materials fiiat may for example be formed during fiiUerene synthesis by any 
known methoci and includes raw or cmde preparations of fixUerenes, such as combustioji soot 
as weU as raw or crude preparations of fiiUerenes that have been at lea?t partially purified, 

30 for exaixq)Ie, by extraction and/or sublimation. 

FuUerenes are merpbers of a broader class of materials caUed "carbon nanornaterials" 
which as used herein generaUy refers to any substantiaUy carbon material containing six- 
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membered rings that exhibits curving of tbe graphite planes, generally by including five- 
membered rings amongst the hexagons formed by the positions of the carbon atoms, and has 
at least one dimension on tihie order of nanometers. Examples of carbon nanomaterials 
include, but are not limited to, fiillerenes, single-walled carbon nanotubes (SWNTs), 

5 multiple-walled carbon nanotubes (MWNTs), nanotubules, and nested carbon structures with 
dimensions on the order of nanometers. Carbon nanomaterials may be produced in soot and, 
in certain cases, carbon nanomaterials may be isolated from the soot or enriched in the soot 
Soot produced during the synthesis of carbon nanomaterials, such as fullerenes, typically 
contains a mixture of carbon nanomaterials vAAch is a source for further purification or 

10 eiuichment of carbon nanomaterials or which may itself exhibit desired properties of carbon 
nanomaterials and be usefiil as an addition to convey those properties. The term ^^carbon 
nanomaterials,** when used witiiout limitation, is intended to include soot containing 
detectable amounts of carbon nanomaterials. For example, the term fulleretdc soot is used in 
the art to refer to soot containing fullerenes. FuUerenic soot is encompassed by the term 

1 5 carbon nanomaterials. Non-fiillerenic carbonaceous materials include, but are not limited to, 
non-fuUerenic carbon nanomaterials as well as amorphous carbonaceous materials. Carbon 

It 

nanomaterials are not amorphous carbonaceous materials. 

As used herein, "derivatization" generally refers to the chemical modification of a fullerene o 
20 the finlhercheniical modification of an akeadyderivatLzedfiiUer Derivatization of a 
fullerene refers to the attachment of one or more chemical groups to the fullerene surfece. 
Further derivatization of a derivatized fullerene refers to further attachment of groups to the 
fullerene surface. The derivatization method of this invention is based in one embodiment on 
the cyclopropanation reaction as applied to soluble ftdlerenes first reported by Bingel et al. 
25 and further expanded upon by Hirsch et al. (Bingel, 1993; Hirsch, 1994(a); Bingel, 1998). In 
the "Bingel derivatization^ base-iiiduced deprotonation df a-halo (halogen: F, CI, Br, I) 
substituted bis-malonates and more generally alpha-halo-CH-acids (see U.S. patent 
5,739,376) examples of the '^cyclopropanation reagent" as used herein produces an incipient 
carbanion. This nucleophilic carbanion adds to the fullerene surface, making a new carbon- 
30 carbon bond, followed by elimination of the halide anion, completing the cyclopropanation 
and leaving a neutral derivative group positioned 1 ,2 across a carbon-carbon double bond of 
the fullerene. The cyclopropanation reagent of the method of this invention can also be 
geaerated in situ by treatment of mono- and bis-malonates and other acids and esters, for 
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example, with hglogen-releasinjg ajgents such as CBr4, 12, etc. (as described by Camps, 1997; 
Nierengarten, 1997). This allqws for derivatization with more elaborately substituted groups 
for which the a-halo p:f^cursor flaay be difficult to individually prepare and/or isolate as a 
reagent. The Camps ai^ Nieifpngarten referraces are specifically incorporated by reference 
5 herein to provide details inclii4ing useful halqgen-releasing agents and esters aiid acids of m 
situ generation of cyclopropaiuttion reagents. Other methods known in the art for the 
generation of cyclopropanation reagents can be employed in the methods of this invention. 

It is unlikely that electron trajtj^fer from the carbanion to the fullei^e, fojlowed by radical 

10 combination, occurs. Nonetheless, the net result would be indistinguishjable and thus this 
mechardsm caimot be rpled out in certain cases. Alternatively, a redox-based mechanism 
could also operate, with the base first donating an electron to produce a fiilleride anion, which 
may have greater solubility in the polar solvent than its precursor neutral fUllerene. In the 
case of radical or open ghell M@C2n precui?ors, such as is th,e case when trivalent metals are 

15 inside M@C5p and M@C82, Hie product of a onerelectron reduction would be diamagnetic (a 
molecule having no uiq^air^ elec^ns) which could act as a stable mionic intermediate in 
the derivatization pieces. This fulleride anion naay act ^ the base ^ch dep^otpnates the 
substrate, initiating nucleophilic reaction. Experiments have shown that Ceo can be reduced 
toils l-or2-anionsmTHFbybasessuchasNaH. This generaUy require a longer reaction 

20 time thau employed for the cyclopropanation reaction, h^ Ceo"" anions were mixed 

with substrates such as diethylbromomalonate and mass spectroxnetric analysis of the 
products indicated multiple cyclopropanations took place, even in the absence of ex^s NaH 
(removed after Ceo^ generation). The degree of participation of suqh a mechaijisim is difficult 
to ascertain in the disclosed reactions, but it is likely linnted by to the low solubility of die 

25 fullerenes and slow Iduetics of the formation of reduced species of these fiiUereaes. Its 
participation woujd be mediated by the reducing power of the base in the solvent(s) used. 

The final step in the derivatizgttion is the ^liiniiifftiQA of the neighboring halogen group as a 
halide anion and closure of the 1,2 bis-*adidition cyclQpropanattQn. This is the **mechanjsm** 
30 by which d^rivatizaticjn aci^ieyes p^giyatiflii of liie ipsoliijbile sijiaU HQMO-LUMO gap 
fiillerene. The denvat|;sation chaiiges the electronic structure of the fiiUerene molecule, 
widening its HQMO-LUMO gap and making it more stable asa&ee molecule. If tiie 
fiillerene is intrinsically a rajdical* for exaniple in the case of endphedral metaUpfuUerenes 
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where the metal donates an odd niunber of electrons to ike cage, derivatization also 
diminishes the tendency for the molecule to dimerize/oligomerize by sterically shielding the 
radical, whether it is localized or delocalized on the fullerene cage. 

5 In the present invention cyclopropanation is performed under significantly different 
conditions fixjm those already reported in the art. The reaction is carried out in a 
heterogenous mixture (i.e., not a homogeneous solution) in a polar aprotic solvent, preferably 
in an aprotic solvent that is at least moderately polar and more particularly in an ether 
solvent, such as tetrahydrofiiran, 1,4-dioxane, dimethoxyethane or miscible mixtures thereof. 
10 A subset of solvents useful in this invention include non-halogenated polar solvents, 

including ethers. Additioilally, the improved method is rapid, does not require heating of the 
reaction mixture and it does not require tihe use of strongly coordinating and reactive bases 
such as the amine DBU. 

15 As used herein, a "cyclopropanation reagent" is a reagent used to conduct a cyclopropanation 
or a silacyclopropanation reaction. The cyclopropanation reagent contains at least one 
cyclopropanation reactive group, i.e,, a group within tiie reagent that participates in and 
facilitates the formation of a cyclopropyl ring or a silacyclopropyl ring, as used herein 
particularly on the surface of a fullerene. The cyclopropanation reactive groiq) of tibie 

20 cyclopropanation reagent is a group with a relatively easily removable proton, v/bich upon 
'*removal", leaves a relatively stabilized carbanion, silyl^entered anion or functionally 
equivalent intermediate nucleophile which can attack the fullerene cage to form the three- 
member ring.. The prototypical substrate is diethylbromomaloHate. Other examples include: 
various halo mono- and bis-^malonato compounds, halo-diaryl nlethanes, and so on QBingel, 

25 1998), New examples of substrates continue to develop (for example, phosphonates and 

phosphonic acids; see Cheng, 2000; Pellicciari, 2000; Nuretdinov, 2000), and this brief list is 
not tneant to be all-inclusive (for a review of reactions of stabilized nucleophile substrates 
with electron deficient alkenes and alkynes prior to the chemistry of fidlerenes, see Jung 
(1991)). Specific cyclopropanation reagents that can be used in the method of this £nvention 

30 are listed in U.S, patent 5,739,376., the description of these reagents is incorporated by 
reference herein. 
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Cyclopropaiiation reage^nts caij ^Iso be those which can be used in a tether -directed a4dition 
strategy. For a Bingel-style mi^ti-derivatization, a tether-directed addition strategy offers 
control over regiospecificity of addition (location pattern of the cyclopropaiiations) and the 
number of addend groi;^s in a pre-determined way while increasing yields over traditional 
5 derivatization strategies, as reviewed by Diederich et al. (Diederich, F.; Kessinger, R. (1 999). 
^Templated Regioseleqtjve apd Stereoselective Synthesis in FuUerqae Caiemistry/'^cc. 
Chem. Res., 32, 537-545). The tether strategy uses mxdti-functional cyclopropanation 
reaction groups cojoined in one rnolecule by covalent linker moieties of variable lei^gth 
separating fliese fimctioiialities, which are themselves variable in number. The 

XO cyclopropanation reactions may be performed with different size tethered cyclopropanation 
reagents such as cyc/o-[n]-octylmalonates with n > 3 as well as modified cjrclo-species with 
different lejqigth and compositLon spacers in place of the octyl groups. This can also include 
tether moti& that link malongtes or similar reactive substrate groups with a chemical 
backbone entirely different &om that of a cyc/o-[n]-alkyl motif. Linker moieties can include 

15 alkyl, alkenyl, or alkynyl groups, ether groups with one or inore oxygens and vari^le CjEirbon 
chain lengths, cyclic alkyl, alkenyl or all^jd groiqps all of wbich may be substituted, aryl 
groups (including phenyl, biphenyl, or naphthalene groins which may be substituted), 
bicyclic or multicyclic oig^c groins, and porphyrin groups. In general any organic, or 
inorganic linker groups that provide the desired spacer length and do not interfere with 

20 reactivity of the reagent can be employed. This reaction has been denionstrated with Ceo but . 
is generally applicable to other fullerene classjBs including: the insoluble M@C6o class of 
M@C2n5 soluble-as-ions Mx@C2n species, insoluble small-bandgap Cin fuUerenes including 
C74, insoluble "giant" fiillerenes Can (where n > 50), soluble C211, soluble Mx@C2n, and other 
endohedral fullerenes, metal-carbon nanoencapsulates and carbon nanotubes. 

25 

la one en^l)odiment, the cyclopropanation reagent of the m!|thpd of l^s invention lias the 
fonnula: 
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where A is a C or Si atom; 
LG is a leaving group; and 

Ri and R2 are independently selected £rom the group consisting of optionally 
substituted alkyl, alkenyl, allcynyl, ox aiyl groups, -COOR3 groups, -O-CO-R3 
groups, -COR3 groups, -CO-NR3R4 groups, -O-CO-NR3R4 groups, -CN, - 
P(0)(OR3)(OR4) groups, and -SO2R3 groups where R3 and R4 are independently 
selected from hydrogen, or an alkyl group, alkenyl group, alkynyl group or aryl 
groirp any of which may be optionally substituted, wherein one or more non- 
neighboring CH, or GH2 moieties in Ri, R2, R3 or R4, can be replaced with an O or 
S atom and wherein one or both of Ri and R2 contain at least one electron 
withdrawing or other moiety that stabilizes a negative charge to render the H - 
bonded to A acidic and Ri and R2 optionally contain one or more -AHLG-^ groups 
and wherein two or three of Ri, R2 or LG may be covalently linked to each olher 
to form one or more rings; 

LG can for example be selected from the group -CI, -Br, -I, and -OSO2R where R is an 
optionally substituted alljyl or aiyl group. R can for example be substituted with one or more 
halogens* R can specifically be a fluoroalkyl group, e.g., a perfludroallod group or a 
fluorbaryl group, e.g., C6F5, and more specifically R can be a-CFa group or a -C4F9 group, A 
preferred LG is Br. 

\ 

In specific embodiments, Ri and R2 can be independentiy selected fixwn the group consisting 
of -COOiEia groups, -O-CO-R3 groups, -COR3 groups, -CO-NR3R4 groups^ -O-CO-NR3R4 
ffcoupSi -CN, -P(0)(OR3)(OR4) groups, and -SO2R3 groups where R3 and R4 aire as defined 
above. In more specific embodiments Ri and Ra are hoth -COOR3 grot5>s. 

In other specific embodiments, one or both of Ri and R2 contain one or more 
cyclopropanation reaction groups, e.g., -A(H)(LG)- where LG is a leaving groiip that 
fecilitates the desired reaction and LG is more specifically selected &om the groiq> fiom the 
group -CI, -Br, -I, and -OSO2R where R is an optionally substituted alkyl or aryl group. R 
can for example be substituted with one or more halogens. R can specifically be a fluoroalkyl 
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group, e.g., a perfluoroojkyl group or a fluoroaryl group, e.g., CeFs, ^ox& specifically R 
can be a-CFs group or a -C4F9 group. A preferred LG is Br. 



In other specific embocjinpients, Ri and R2 are covalently linked together to form a ring. In a 
5 more specific embodiment, the covalently linked Ri and R2 grottps also contain one or more 
cyclopropanation reaction groups- 
After cyclopropanation, the functional groups attached to the fiiUerene can be selected j&om 
Hie groixp consisting of: 

10 >CRiR2 and >SlRiR2 

vAxere Ri and R2 are as de^ed above. 

In th? pres^pt invention, multiple groups can be ^ittadied to the fiillerene during the 

15 derivatizadon process. In different embodiments, the numbc^: of g^ 

derivatizadon process is more than 5, between 5 and 10, more tiian 10, and between 10 and 
20. For fuUerenes with larger page sizes, greater numbers of groups may be attached to 
improve solubility. The theoretical limit to the number of groups which can be attached 
depends upon the cage sizei of tifcie fuUerene. For example, for C211, a T ua xiTnu m of n groiqjs 

20 can be atteched. In different embodiments, the tiumber of groups attached is up to 0.20*n 
and between abput 0J20*n and 0.75*n. 

Cyclopropanation can be employed to introduce fiuictional groups that can be further reacts 
and converted to other functioiialities. In this case Ri or R2 is a group th^t can be converted 
25 into a desired functional group. For example, ester groups introduced by cyclopropanation 
can be cleaved and converted to otiier functionalities, effecting side-chain modification (such 
as in Lamparth, 1997 wliftQh is specifically incorporated by reference herein to provide details 
of such side-cham mo<|i^catipns). For example, the est» groiq>s can be converted to thek 
respective carboxylic acids or carboxylate salts pf alkali metals. 

30 

Cyclopropanation reagent? of piarticular interest for use intiie n^ethods of the present 
invention include those having the formula: 
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III 

where LG is a leaving group and n and x are integers that are 2 or more. In particular 
embodiments, the methods herein employ the above reagent where n is 2-20 and x is 1-10; or 
yfbgaxiin n is 6-10 or -w^erem x is 1-5. Preferred LG for this reagent is-Cl, -Br, or -L 
5 Reagents of tiWs formula can be prepared by melho<te known in the art fiom readily available 

starting mat^als. ■ J- 

Thus in the method of the present mvention a soUd containing one or more fiillerenic species 

can be combined with the cyclopropanation reagent and a suitable base in the presence of an r % 

10 aprotic polar solvent, particularly an aptotic solvent that is at least moderately polar, forming ^ 
a dispersion of the soUd in the solvent Other reactants (base and cyclopropanation reagent) - - 

may or may not be soluble in the solvent. The solid containing one or more fullerenes is 
preferably provided m a powdered form, e.g., by appUcation of grinding or other methods to 
decrease the particle size of the soUd. Rapid stirring, optionally with sonication, can suspend 

15 the fiillerenic species in the solvent and aid in creating a uniform mixture of fullerene, 
solvent, <qfclopropahation reagent, and base. For tiiose fiillerenic species that are 
substantially insoluble in the polar solvent only trace amounts will dissolve m tiie solvent 
Only for those fiillerenic species that are sUgJitiy soluble will any apprieciable amount of 
starting fullerene be in solution under the conditioris of tiie reaction of this invention. It is 

20 recommended that the derivati2ation reactions be perfornied in asuitable air-fi»e 

environment, such as a glove box (dry box) or in glassware witii appropriatfe vacuum/Schlenk 
line equipment. Use of excess base and excess cyclopropanation reagent over tiie total molar 
content of fullerenes present in tiie sample being derivatized allows tiie addition of multiple 
chemical groups to the fullerene surface. 

19 
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Preferred solvents do not have a readily available acidic proton, and do not contain halogen 
groups that are chemically rqdupible by the deprotonating b^se of choice. Preferred solvents 
are polar or moderately polar aprotic solvents. As used herein, a "moderately polar solvent'' 
has a dielectric constant greater than or equal to 3. In different embodiments, the solvent has 

S a dielectric constant greater than or equal to 3, greater than or equal to 5, and greater than or 
equal to 7. Suitable solvents include but are not limited to aliphatic and aryl ethers (6«g. 
dimethoxyethane, etc.)» cyclic etibiers (e.g. tetrahydrofuian (THF)), dichloromethane, 
tetrachloroelhane, ortho-dicblprobenzene, more generally halo-benzenes, dimethylsulfoxide, 
etc. In one embodiment, the solvent is not halogenated. Preferred solvrats are pure, dried 

10 (free of water), and oxygen free. Without wishing to be bound by any particular tiieory, the 
use of polar aprotic solvents is believed to be important for several reasons. First, the 
incipient carbanion formed by deprotonation of the cyclopropanation reagent is more 
"stabilized" in polar aprotic solvents than in the non-polar solvents such as benzene, toluene, 
etc. This increases tiie nucleophilicity of the incipient carbpnion which as a coiiseqizence 

15 coiasiderably eiihances its derivatizing power towards fuUerenes. Thi^iscpnfipnedbythe 
ability of the incipient carbanion to derivative fiillerenes to any extent in polar aprotic 
solvents, solvents in vMch most non-<lenv9tized fidlerenes have only marginal to zero 
solubility. 

20 Usefiil bases capable of deprotonating the subi^te wi&o^t unnecessarily attacking the 

fullerene in this procedure are chiefly metal hydrides. Examples include but are not Umit^ 
to simple alkali hydrides (LiH, NaH, KH, RbH, CsH), alkaline earth hydrides, complex 
hydrides (LiAULi, "Red-Al®" Na(CH30CH2CH20)2AlH2, etc.), metal borohydride and 
cyanpborohydride salts, tetraphenylborate salts, lithium acetylide, lithium amides LiNRi (R " 

25 isopropyl (LDA: lithium diisopropylamide); R = triisopropylsUyl; etc.), metal aUcoxides, and 
metal superoxide salts. The choice of base is carefully considered and matched to the 
respective chosen frillerenes and substrates, as unwanted competiag reactions c^ result 
These competing reactions may include nucleophilic addition of base to £ul(erene, reduction 
of the fullerwe to anionic state(s), and decoipposition of the substrates. . These side-res^ctious 

30 may occur without significant interference in the production of the filial cyclopropan|Eted 
product An alternative scheme to the above use of base is to en^loy sub-stoichioin^tdc 
levels of coordinating soluble bases (i.e. nitrogen ba$es; DBU, etc.) in the pjresence of an 
excess quantity of a proton scavenger such as commercially available 'Troton Sponge" (1,8- 
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bis(dimethylamino)naphthalene) or one of its widely available variants that are strong bases 
but are weakly nucleophilic for steric reasons. Anottier modification is to employ appropriate 
crown etiiers and cryptands to enhance solubility of metal-salt bases, e.g. NaH, etc. in the 
solvents employed. Relevant complexants depend on the size of the metal ion used; for 
5 example, K*" ions are well complexed by 1 8-crown-6, dibenzo-18-crown-6, and 
[2.2.2]cryptand in organic solvents. Addition of these complexants can increase the 
solubility and reactivity of the base towards deprotonation of the substrate. In general metal 
hydrides, particularly alkali metal hydride or alkalme-earth metal hydrides are preferred bases 
for use in the methods of this invention. 

10 

These bases typically niay have low solubility in the solvents emjployed, but are highly 
reactive. For example, immediately upon adding a metal hydride to the stirring mixture of 
soluble substrate and suspended fuUerene in solvent, bubbles due to the evolution of 
hydrogen are visible. This H2(g) evolves &om the combixiation of ibo proton and the hydride. 

15 E3q)eriments have shown that the base and the malonate can be mixed toge&er in polar 
aptotic solvent together separiately fiom the fiillerene. Evolution of Hi® is observed, the 
solution is filtered (Millipore 0.45 \xax membrane filter) to remove excess NaH, and the 
filtrate is added to the fuUeirene suspension. Rapidly, the solution turns brown as the 
insoluble fiiUerene reacts with tiie carbanion and soluble cyclopropanated fiillerene is 

20 produced. This demonstration reveals aspects of the reaction mechanism, chiefly that 

carbanion (formed £:om deprotonation) can add to the fiillerene, fonning a new fiillerene- 
substcate bond, Supportmg this are the observed reactivity differences between Bingel- 
Hirsch style reactions of insoluble fiillerenes in non^polar solvents and the disclosed 
reactivity of insoluble fiiUerenes in polar solvents. "VWtiiout wishing to be bound by any 

25 particular theory, tiie carbanion iix non-polar solvents like toluene liiay be strongly ion-paired, 
which reduces its nucleophilicity and sigdificantly dirdmishes its reieunivily with insoluble 
fiillerenes. Conversely, the nucleophilicity of the carbanion is enhanced enough in polar 
solvents such that it can "attack*' insoluble fiillerenes efficiently; this is the basis for the 
disclosed invention. 

30 

The methods of this invention for derivatizing insoluble classes of fiillerenes have broad 
utility usefiil for converting any of the following classes of fiillerenic species, among others, 
to soluble, derivatized species: 
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I) Insoluble fiilleirenes wltfch p^ay be intiamolecularly polymerized: 

a) Endohedxal taetallofyller^s insoltible in their ns^ve charged state, including but 
not limited to Mp@C2n species such as M@C6o, M@C7o, and M@C74 where M is one 
or more metals atoms or ions (the number of metal ions or atoms in the fidlerene 
typically ranges from 1 to about 4 in fiiUerenes up to about Cm , but may be hi^er in 
larger fuUereues). The insoluble M@C2n endohedral metallofullerenes, whose most 
prevalent endphedrals of this material are M@C6o, M@C7o, and M@C74 are further 
referred to as "M@C6o class" metallofuUer^nes. Metals that can be contained within 
the metallpiullerene include lanthanide metals, actinide i^etals, transition metals^ 
alkali metals, apd alkaline earth metals. These endohedral met^pfuUerenes are 
important as they comprise a major portion of arc-produced metallofujlerenes, but due 
to thehr polymerized state have heretofore not been usable in prontdsing medical and 
matCTials applic^ons requiring dissolution in non-reactive solvents. Waters 
solubilized metal-contaii^ endohedral fiillerenes have important developing 
applications. Derivati23ng Gd@C6a represents a significant advance, because of its 
higher abundance in the arc-produced soot and its potential technological 
applications. Examples of these applications that will benefit from the derivadzadon 
of the more abxmdant M^Ceo species in medicinal chemistry include: 

1. A contrast-enhancing agent for use in clinical Magnetic Resonance Imaging 
(MRI). MRI operates by imaging tjie water protons in vivo using the 
principles and technology of Nuclear Magnetic Resonance (NMR). When 
species possessing magnetic spin are introduced, thp§e in proximity to \yat^ 
protons will decease the relaxation times for ti^se protons (Ti and T2), 
maldng them ^stand ouf' rela^dve to 11v>se water protoi^ 
paramagnetic influmce. This infiuence can be outer-sphere or inner-sphere 
(via direct coordination of water molecules to paramagnetic metal ions). In 
general, metal ions with hig^ magnetic moments (such as the ladthanide Od) 
make the best relaxation agents. However, these ions are toxic if released 
directly into the bloodstream- Coordination chemistry has been used to 
njtinimize firee Gd ions while still allowing the complex to act as a MRI 
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relaxation agent. Endohedral Gd fullerenes have an inherent advantage over 
chelated metal coordination complexes because the endohedral metal is 
trapped in the interior of the fiillerene; there is no equilibrium with an 
emptied-c€^e/fiee metal species. Thus, endohedral fiillermes should be safer 
5 in vivo than conventional chelates, from the standpoint of the metal's toxicity. 

Derivatization introduced by this invention can also be used to link targeting 
moieties to the fiillerene surfoce. 

2. Nuclear medicine agents. Metal chelates of radioactive elements can be 
10 used as mdiotracers or therapeutic sources of high-energy radioactive decay in 

vivo. Just like with the above MRI contrast enhancing agents, strong chemical 
chelators are used to keep the often toxic metal from circulating as a free ion. 
Also of concem with radionuclides is the potential ejection of the metal from 
the chelate following tiie energetic radioactive decay. Endohedral fullerenes 
15 will perform better than conventional chelates in both these regards, as the 

metal caimot dissociate and tiie cage structure may withstand certain types of 
decay events and product recoil. This will decrease the deleterious side effects 
of these nuclear medicine agents to tiie patient Derivatization introduced by 
this invention can also be used to link targeting moieties to the fiillerene 
20 surface. 

b) Empty Cin small-bandgap fullerenes, including but not limited to C74, Cso (h 
isomer), the newly-discovered C36 etc. As used herein, "small bandgap fullerenes " 
(SBFs) have a HOMO-LUMO gap or band gap that is small (less than about 0.55 eV)* 

25 or zero. Calculations on the solid-state structure of C74 indicate a 2-dimensional 

network polymer (Okada, 2000), which in the actual materials is probably less than 
ideally ordered, possibly with some small percentage of soltible Can species 
interstitially tmpped and/or bonded to other C74 molecules. These small-bandgap 
fullerenes may be produced via the arc process, the combustion process, or by any 

30 other process known to those skilled in the art These fullerenes con[9rise a subset of 

fuU^enes with special properties, such as reversible redox-controUed 
depolymerization/polym^dzation and solid-state conductivity; covalent derivatization 
will allow for further development of these noiaterials. 
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2) Insoluble "giant" fulJerenes present in fiillerenic soot: 

a) Empty ftdlerenes, iij^cluding but not limited to, C2n with n approximately greater 
than or equal to SO. A variable proportion of fiillerenic sootproduced by different 
methods (carbo|i arc, Ipw-pressure combustion, laser desorption, etc*) is made up of 
these '^gianf fi^erenes, detected by mass sfpectromfetxy but insoluble in known 
common solvents. Giant fqllerene may have a band gap that is small (less than ^bout 
0.S5 eV) or zero. This insolubility may arise fbom small*-bandgiqp originated 
intramolecular polymerization and/or simple size effects, preventing isolubility. 
Derivatization of this class of fullerenes, which are currently discarded as waste 
materials, will increase the total yield of useable fiillerenes from fiillerenic soots, 

b) Metal^^arbon nano^cs^sxilates including, but not Umited to, 1 nm and larger 
spherical nanopardiples comprised of a continuous one or more layer graphitic shell 
encapsulating a nanooystai of another element, usually a metal or a combination of a 
metal and one or more other elements. The metal-carbon nanoencapsulates are 
formed in the axe process under the cpnditions used to produce metallofiillerenes, and 
in other known processes. This class of materials also includes mulli-concentiic 
and/or nested carbon "onioiis" containing only carbon in their multi-layered 
structures. 

c) Carbon nauotubes, including, bxit i^pt limited to, single-walled nanotubes 

(S WNTs) and multi-walled nanotubes (MWNTs). Carbon nanotubes are formed in 
the carbon arc process as well as other gas-phase procedures, both catalyzed by the 
presence of transition metals arid or other elements. Side-wall derivatization of 
SWNTs and MWNTs as disclosed herem allows for deskable modification of 
na^iotube properl;ies. 

All of the above-liste4 Ql|is$es of insoluble fijdleren|p materials and the related dass of carbon 
nanotubes can be deiivatized using the methods pf this inventioru As noted above 
derivatization can be employed to increase the solubility or dispersability of a given 
fiillerenic njaterial or of carbon nanotubes in non-polar or polar solvents. 
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The method of tiiis invention may also be applied to classes of soluble fullarenes, including 
among others: 

S Metallofiilleienes, including but not limited to, Mm(§C2n species such as M@C82, 

M@C76, M@C84 and M2@C8o, etc. that are soluble in common solvents. Standard 
fuUerene derivatizations already have been reported to derivatize tiiese matodals, but 
the new techniques disclosed herein will also allow them to be derivatized by Bingel 
cyclopropanation for the first time, and will perform derivatization with greater 

10 efSciency than possible before. 

Empty C2n fuUerenes, including but not limited to, the standard *large-bandgap" 
fuUerenes C&h C70, C76, C78, C84, etc. and their isomers having solubiHty in common 
solvents. Standard fuUerene derivatizations already have been rqported to derivatize 
15 these materials, but the new techniques disclosed herein will allow derivatization iwith 

greater efQdlency than possible before. 

The methods of this invention can further be applied to ^dohedral fulleraies M@C2n -wbexc 
M represents one or more atoms or ions of any elemeiit and vAierein vAiea there are multiple 
20 M atoms or ions in the fullerene, different atoms or elements (Mi, M2, M3, etc. ) can be 
present. Endohedral fullerenes wherein at least one of the M is not a metal atom may be 
soluble or insoluble. Endohedral fullerenes wherein at least one of the M is not a metal atom 
are known in the art and can be prepared by methods known in the art 

25 The methods of this invention can further be applied to heterofiillerenes, in viiich one or 
more (typically one) carbon of the fiillerene cage is siibstitated with a atom of a non-carbon 
element, such as N Or B. 

The methods of this invention can be further applied to fullerenic dttivatives made by any 
30 known mefliod and particular to those derivatives prepared by any of the methods discussed 
in this specification. The methods of this invention can be combined in a step-wise feshion 
with other mefliods of derivatization of fidlerenic species that are known in the art and 
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particularly with methods that a^Q discussed herein to provide variously derivatized fiillerenic 
species. 

The functional groups a4(led by cyclopropanation reactions as described herein can be 
removed by methods kapvm in the art to regenerate underivatized ftdlerenic species (for 

5 example, cyclopropanation is reversible by chemical reduction (Moonen, 2000). Strongly 
reducing conditions such as amalgamated n:iagnesiiim and electrochemical reduction at low 
potentials removes cyclopropapated adducts fiom fidlerenes (Moonen, 2000; Beulen, 2000). 
In the modified conditions repprted here, a soluble reducing agent cobaltocene (CoCp2, Cp = 
cyclopentadienide; = -1 .3 V vs ferrocene) can be used to perform the retro-Bingel 

10 reaction, along with a wide variety of other reducing agents (Eleed^ 2000). 

The generation of soluble derivatives of a given insoluble fuUerenic species can be employed 
to isolate and purify that fullerenic species firom other fullerenes or other components of 
ftdlerenic soot or enrich <he amount of that ftdlerenic species in a given sample of ftdlerenic 

15 materials. Afler isolation, purification or eiirichment, the ftmction^ 

solubilizatipn can be selectively removed to provide the underivati25ed fiillerenic species and 
provide for isolation, purification or enrichment of the non-derivatizsed material. For 
example, a draivatizatioyj/extra^tion protocol followed by a defimctionalizadon step can be 
used to separate otherwise intractable insoluble fiillerenic species, such as "gianf ' fiillerenes, 

20 firom the soot generated in fiillerene production processes. Thus, the invention also provides 
methods for enrichment, partial purification or purification of one or more insoluble 
fiillerenic species (or carbon nanotubes) in a sample by application of derivatization method 
of this invention to form one or more soluble derivatives of one or niore selected fiillerenic 
species followed by application of separation, partial purification, purification and/or 

25 isolation of the derivative or derivatives of the selected species fix>m undesired species in the 
sample and subsequent removal of derivatives to obtain the selected fiillerenic species (or 
caibon nanotubes) in partially purified, purified or isolated form or to obtain a sample tiiat is 
enriched in the amount of the selected fiillerenic species (or enriched in carbon nanotubes) 

30 liie invention provides jieriyatives of any of the classes of fiillerenic species listed above 
carrying one or more fimctional groups and in particular provides derivatives of tiiese 
fiillerenic species that are soluble in non-polar solvents, polar solvents and more particulariy 
provides water-soluble derivatives of such fiillerenic species. The improved method of this 
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invention produces oxygen and water stable derivatives of fuUerenic species from starting 
materials that themselves lack oxygen and/or water stability and it is highly eflScient and 
adaptable to different classes of fiillerenes and reactive substrates, i.e, cyclopiopanation 
reagents. 

5 

In a particular embodiment, the derivatized fiillerenes of the invention comprise fulleienes 
selected from the group consisting of empty small band gap fiillerenes, M@C60 class 
fiillerenes, where M is any magnetic or radioactive metal, giant fiillerenes^ carbon nanotiibes, 
and metal-carbon nanoencapsulates derivatized with one or more chemical groups selected 

10 from the set consisting of >CRiR2 and >SiRiR2 and where Ri and R2 are organic groups 
independently selected fit)m the set consisting of -COOH, -COOR3 , -CO-NR3R4, -CHO, - 
COR3, -CN, -P(0)(OR3)2 , -SO2R3, -and O-CO-N (Rah where R3 and R4 are independently 
selected and are hydrogen^ an aryl grotq>, an alkyl grotq), or an alkenyl group which may be 
unsubstituted, monosubstituted, or pdlysubstituted with identical or different substituents 

15 selected from the grotqp consistittg of -CO, OCO, and NORsH where R5 is hydrogen, an aryl 
group, an alkyl group, or an alkenyl group, thereby attaching one or more chemical gioupsvto 
the fiillCTene sur&ce. 

Most importantly, the improved ihethod allows solubilization and/or derivatization and 
20 thereby facilitates subsequent utilization of distinct classes of normally insoluble fiillerenes -k 
which would otherwise be impossible or at best extremely limited, solubilization of 
fiillerenic species or carbon nanotubes as derivatives can facilitate separation and purification 
of such species Afl:er purification or separation, fimctional groups can be removed to provide 
for insoluble fiillerenic specieis or Carbon nanotubes of increased purity. These methods can, 
25 for example, be employed to emich the amount of a selected insoluble fiillerenic species or to 
enhance the amount of carbon nanotubes in a given sample. As one example, tiie methods of 
the invention can be used to process small gap fiillerenes produced via the combustion 
process. 

30 Insoluble fiillerenes are any fiillerenic species generated by any known niethod which are not 
soluble in solvents (common solvents, i.e., non-polar organic solvents, such as hydrocarbons 
and arenes and halogenated arenes, including toluene, benzene) commonly employed to 
solublize fiillerenes, such as Ceo- Solubility (or lack thereof) of a given fiillerenic species in a 
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given solvent can be a§^essed by methods known in the art, e.g., by assessing how much of a 
fullerenic species can be extracted into a given amount of solvent, for example, using mass 
spectrometric methods as illustrated herein. The insoluble classes of fiillerenes are also 
insoluble in polar solvents. The methods as described herein can also be applied to those 
5 fullerenic species that ajre substantially insoluble wherein only trace levels of the fullerenic 
species can be extracted into common solvents. The methods of this invention can also be 
applied to fullerenic species v^ch are only slightly soluble in cocunon solvents. Non- 
derivatized fullerenic species are in gmeral not soluble in almost all polar solvents. 
However, fullerenic species, if soluble have an anomalously high solubility in polar chloro 

10 and bromo substituted arenes. As disci;sse4 herein and as is understood in the art certain 

classes of non-derivatized fuljlerenic species are soluble in non-polar solvents such as toluene 
and benzene. Thus, the term common solvents is used herein to refer to the non-polar 
solvents that have typically been found to solubiUze non-derivatized fiillerenes. The method 
of the present invention is preferably applied to those fullerenic species ei&er derivatized or 

IS non-4erivatized, which are in^luble or substantially insoluble in both non-polar and polar 
solvents as well as to those fulletenic species, either derivatized or non-derivatized, which are 
insoluble or substantially insoliible in polar aprotic solvents. 

The methods of this myentipn can be used to derivarize insoluble fullerenic species and 
20 related carbon nanotube species to make them soliible {or to enhance the solubility of given 
fullerenic species or carbon nanotubes). Derivatization reaction of this invention may render 
the derivatized species soluble (or enhance its solubility) in common non-polar solvents or it 
may render the derivatized species soluble (or enhaiice its solubility) in polar solvents. For 
purposes of this application, solubility is defined as the dissolution of free molecules (or 
25 salts) in the solvent witli reversibility to remove the solvent to obtain the molecules (or salts) 
dissolved. In preferred cases, the solvent is readily remoyed by application of reduced 
pressure and/ or by non-destructive heating. A species may also be removed j&om solution 
by reqrystallization, for example by addition of solvent in which the species is not soluble to 
the solution. Certain solvents may readily dissolve a given species, but may not be 
30 removable to regenerate the species that was dissolved or it may not be possible to 
recrystallize the species unchanged. For example, the solvent may only be partially 
removable or the solvcQit may have reacted with ihe species causing a chemical change or 
irreversible addtuct fonn^on. For pxnposes herein, solubility does not include reaction of 
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the solvent itself witii tiie molectiles dissolved to create a new molecule which is tiben 
soluble. 

In general, fuUerenes have "low solubility" m all solvents compared to most organic 
compounds. For this application, we define relative solubility with the terms soluble, 
5 moderately soluble, slightiy soluble, substantially insoluble and insoluble on a scale based on 
the known solubility of fullerene Ceo in various solvents (See: RuoflF et al., 1 993)- C^o is 
insoluble in polar solvents like acetonitrile and methanol (no measurable amount dissolves). 
C60 is substantially insoluble in the polar solvent tetrahydrofuran (-0.001 mg/mL or less). 
Ceo is slightiy soluble in alkane hydrocarbons (0.002 to 2 mg/mL) and haloalkanes (0.1 to 

10 5mg/mL). Ceo is slightiy soluble to soluble in various arenes (raiiging fix>m 1.7 mg/mL in 
benzene to 27 mg/mL in 1,2-dichlorobenzene). Ceo is soluble in substituted naphthalenes (30 
to 50 mg/mL). The definitions used herein axe thus, insoluble approxiinately 0 mg/mL; 
substantially insoluble greater than 0 mg/ml and less than or equal to about 0.001 mg/mL 
(this represents trace amounts); slightiy soluble between about 0.002 to about 5 mg/mL; 

15 moderately soluble greater than 5 mg/mL and less than about 20 mg/inL; and soluble greater 
than about 20 mg/mL. As noted above, insoluble classes of fullerenic species are also 
insoluble in polar solvents. Those classes of fiillerenes that are soluble in common solvents 
(e.g.. Ceo ) are either insoluble, substantially insoluble or slightiy soluble in polar solvents 
depending on the fullerene in question. 

20 

Without wishing to be botmd by any particular theory, the insolubility of fullerene species 
may arise from intramolecular polymerization in certain metallofuUerehes (M@C6o> M@C7o, 
M@C74, etc. (where M is one or more metals or other elenients from the periodic table)) and 
small-bandgap fuUerenes (C74, Cgo (A isomer), etc.) or the fuUerenes tnay be too large ^.e., 
25 have too high a molecular wei^t) for effective solubUization (in general, fiiUerene cages Can 
with n approximately greater than 50) such as the "gianf* fuUerenes which are normaUy non- 
extractable from fuUoene soot. 

Surface derivatization may "passivate" the surface of the otherwise polymerized fiiUerenes 
30 breaking any intramolecular carbon-carbon bonds (removing the covalent bonding to each 
other) and replacing them with covalent bonds to new surface functional groups. The 
functional groups catii be selected to tune the solubility of the derivatized molecule for 
different types of solvents and degree of solubilization. The disclosed method for 
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solubiliza^tion of nonxxally kv^plujtjle f^l^renes facilitates tlie e^loitation of their promising 
medical aiid technolo^cal applications, such as the application of metallofullerenes in 
nuclear medicine aqd as con^ast agents and the use of fuUerene cages as molecular scaffolds 
for proton transport membranes in fuel cells, etc. 

5 

It is beUeved that the derivatt^tipn of polymerized fUIloe^e molecules fiees them fiom an 
intractable solid--state ^^atrix. Deiivatization and/or splubilii^tion of the above species with 
one or more coyalently attached chemical groups can be used to change the properties of 
these fiiUerenes and allow for their solution-phase processing, purification and/or separatioiL 
10 The methods herein can fiartlier be used for the development of desired properties such as 

water solubilization, and for the incorporation of chemical ladles for the attachment of other 
groups of biological or other interest (antibodies, proteins, peptides, ligands, drags, etc.) to 
fullerenic species. 

15 The disclpsed inventioij r^nesents a significaut ip;iprpvemfgt ov^ the prior art on s$v^]:al 
dij^ermt levels. The primary advantage is that it is the first useful eKohedral deriv^tization of 
Hie insoluble classes of fiiUerenes and endohedral fiiUerenes, inchiding M@C6o» vdnch are 
otherwise almost ixjtractable solids as polymerized neutral molecules. This derivatization can 
be used to impart solubjUty to these fiiUerenes so that desired operations such as purification 

20 or attachment of technologically important chemical groups can be performed. For example, 
the disclosed process ^ows for the fij:st water-solubilization of M@C6o specips. It is also 
very significaiit as the disclosed derivatization allows for the processing and iise of M@C6o 
species freely in air for the first time without the interference caused by air/water induced 
decomposition. 

25 

T*be disclosed proce^iiii:^ foi* dgiivatizing fiiUerenic species lifts inhwent advantagess over 
previous cyclopropaoation procedures. It is fester than previous reaction conditions, going to 
completion in a maimer of niinutes, and additionally does not require heating of the reaction 
medium. It is effiqiently conducted with insoluble bases, thus ^Upvdng the use of nitrogen 
30 bases like DBU, etc. to be avoided. Such bases are highly reactive with fiiUerenes themselves 
and can mterfere with 0ue cyclopropanation qf M@Cgo> etc. The reaction conditions are 
amenable to a wide variety of stabilized carbanijpns and incipient carbanion intermediates. 
Cyclopropanation has additioiial utility because of its reversibility via the "retro-Bingel" 
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Feaction, a trait most odier fuUerene derivatization schemes do not share (including 
"solvation*' with strongly nucleophilic bases lUce pyridine, aniline, DBU, etc.). 
The present invention, when applied to combustion-generated fiiUerenic soot (arc-generated 
soot or fullerenic soot prepared by other known methods) is distinct from the Diels-Alder 
5 chemistry reported by Gflgel and MtiUen on "giant fullerenes." Their derivatization method is 
entirely different, with important consequences. A major improvement is the ease of 
reversibility of the improved derivatization via reductive retro-Bingel reactions (retro- 
cyclopropanation). This reversibility allows one to use the Bingel-style reaction on the giant 
fullerenes as a means of extracting them from the amorphous carbon soot as soluble 

10 cyclopropanated derivatives, followed by removal of these exohedral groups to re-generate 
the giant fiillerenes as insoluble molecules/poljaners. Thi^ process selectively removes these 
desired large fiillerene molecules from the amorphous, unordered soot. In this form, the giant 
frillerenes can th^ subsequently be derivatized by other desired methods, i.e. hydroxylation, 
sulfonation, etc. for example, to generate valuable matCTials for proton-conducting 

15 mfflibranes in friel cells (Hinokuma, 2001(a,b)), without interference from the atnoxphous 
soot particles. Using a cyclopropanation/retro-cyclopropahation strategy is also a much more 
effective way to separate giant fullerenes from soot than is gradient sublimation (Yeretzian, 
1993). The cyclopropanation/retro-cyclopropanation strategy can also be applied to related 
materials such as carbon nanotubes to isolate, purify, or partially purify carbon nanotubes 

20 from amorphous materials or to provide samples emiched in carbon nanotubes. 

The reactive reagent generated in situ (stabilized a-halo carbanion) is considerably easier to 
generate than the o/t/ro-qiunodimethane precursors needed for the Diels-Alder reactions of 
Gtigel and MQlIen, v^ch require multi-step organic syntheses prior to any reaction with 
25 frdleroaes or soot The disclosed reaction of carbanions with soot to yield soluble products is 
considerably faster (minutes) than the Diels-Alder reaction and does not require heating. The 
Diels-Alder requires reaction at solvent reflux temperature (to extrude the sulfrir dioxide from 
the organic thiophene) for 24 hours or more. 

30 When converted to the water-soluble carboxylic acid and carboxylate salt analogues, the 
derivatized fiiUerehes and endohedral metallofiillerenes of this invention can be used for 
medicuxal purposes, etc. including MRI contrast enhancing agents and nuclear medicine 
agents. 
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When handling th^ ins^qluble classes of endohedral foUerene?, it is important to avoid their 
e:iq)osure to the oxygen and/or wgtler present in air. Exposure to air decreases the amount of 
sublimable endohedral material fix)m the arc process, possibly by forming intramolecular 

5 epoxides similarto how G^o spontaneously forms C120O in the solid state (Taylor, 1999); the 
net effect is aiialogous to an increase in "cross linking^ of the fuUerene polymer. Air- 
exposed polymerized fiillexenes C74 and M@C6o can suffer from reduced deiivatization 
reactivity that increases with air exposure tune- A method vAdch provides a way to negate 
the effects of this oxygen and/or water sensitivity so these materials can be used would be 

10 particularly valuable. The methods oftijis invention can be iised as a solution to this 
problem. 

The disclosed derivatization procedure has wide application to different classes of insoluble 
endohedral fiillerenes and small HOMO-LUMO gap polymerized fullerenes, as well as the 
15 common soluble fullerenes and eadohedral fullerenes. 
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THE EXAMPLES 

The following specific examples illustrate the utility of the methods of &is invention on 
different classes of fuUerene, but are in no way intended to limit the scope of the invention. 

5 

Gd(glCaj. an insoluble endohedral metallofullerene (insoluble in both non-polar and polar 
solvents^ 

A LD-TOF MS of a fullerene mixture highly enriched in tibie insoluble classes of Gd@C2n 
endohedral metallpfullerenes is shown in Figure 2. The most prevalent endohedrals of tiiis 
10 material are Gd@C6o> Gd@C7o, and Gd@C74. As can be seen, a wide variety of less 

prevalent other Od@C2n are also in this material. To simplify discussion, this material ivill 
be furOier referred to as ''Od@C6o class" (the most prevalent constituent), recognizing that 
derivatization reactions done on the Gd@C6o component may also be p^ormed on the other 
components as well. 

15 

Solid powder consisting of highly emiched Gd@C6o class material was obtained jQrom soot 
g^erated firom arcing of Gd-impregnated graphite rods in a custom-built carbon-arc style 
reactor. The resultant soot is sublimed xmder vacuxmi at 750*^C ovemigjit Subhmed 
fuUerenes Can and endohedral metallofullerenes Gdm@C2n collect inside the reactor on a 

20 chilled coldfinger and are harvested anaerobically inside a glovebox. The soluble fuUerenes . 
are then maximally removed from this "sublimate" by solvent extraction. A continuously 
cycling Soxhlet extractor is used, in combination with a custom built vacuum/cooling 
condenser that allows for the cycling of ar//r^-dichloiobenzene at a pressure of about 40 torr 
and at a temperature of about 100**C. This powerful fullerene solvit removes most of the 

25 soluble Cin and Gdni@C2n over the course of several days of cycling extraction. Next, certain 
C211 and Gdnt@C2n are removed via oxidative extraction (See: U.S. provisional ^plication 
60/326,307 "Purificatiori of Endohedral and other FuUerenes by Chemical Methods", filed 
October 1, 2001 and concurrently filed U-S. Application "Purification of Endohedral and 
other FuUerenes by Chemical Mefliods", attorney docket 109=-01). The remaimng insoluble 

30 material is composed of endohedral fidlerenes, chiefly Gd@C6o, Gd@C7o, Gd@C74, and 
insoluble empty fuUerenes, chiefly C74, as shown in Figure 2 above. After hexaue rinse and 
vacuum drying, this material is ready for derivatization. It contains approximately 25% - 
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50% Gd-containing en^phedraj fiillerenes by weight, with the remaiader being empty 
fullerenes (chiefly the $BF C74) and residual orf^o-dichlorobenzene solvent. 

The reactipjj procedure is con4)icte4 mside of the glovebox. Gd@C$o-containing powder 

5 (100 mg, estinaated to be ~l.lxlO'^ moles of Gd@C6o using a molecular weight of 

approamately 900g/inol^) is ^Ijured vigoro^jr in 5 ml dried tetr^ydrofiiran (THF). Excess 
diethylbromomalona^e (200 mg, 83x10"* moles) is added; the mixture is stirred for 5 
minutes. Next, excess SQpd iCH (50mg, LSxlO^^ naol^) is added stirring rapidly. 
Within sev^ seqpods, bubbles ftprp the evolution of H?® ^ visible, and vdljun 5 minutes 

10 liiedadc brown colpr of 4^rivfiti2^fuHemie is observed m The reaction mixture 

can be stirr^ for as littl? as 15 mimit^; usiiaUy it is stirrpd for 1.5 hours to allow for 
maY|iTnim reaction yield, but tJds is npt required. Hien the stirring is halted, the unreacted 
portion of the ftdlerenes and ppi is allowed to settle, and very dark-brown solution is 
decanljed away. This solution is passed through a 0.45 pm Millipore membrane filter and the 

15 THF solvent is removed under vacuumu The product is analyzed by LD-TOF MS (firom a 
sulfur matrix) showing the additipn pf ca. 9 to 10 diethylmalpriate groups, giving a formula of 
approxwoately (^C6p(C(CpOaEfcCH3)2)x. x s 9 - 10 (see Figure 3). There may be oxygen 
groups present as epoxjj^es on the sur&ce of the derivatised fuller^e arising fiom 
unavoidable reaction of the Gd@C6o starting material wiflx trace amounts of O2 during its 

20 iiianufecture and stojrage in die gjovebox. This derivative r» 
comoqon polar and non-polar organic splvepts. 

This derivatized metallo^ullerene, Gd@C6o(C(COpCH2CH3)2)x, can be converted to a water- 
soluble species by de-esterificption to carboxylic acid or carbpxyl^ salt groups. This is 

25 performed by the methpd of Hirsch (Lamparth, 1994). The ester derivative (JOOmg) is 
dissolved in toluene (15 mL) and vigorously stirred at reflux with excess solid NaH (lOOmg) 
imder argon for 2 t-3 hpurs. Next, mss&mol (3 mL) is added with stirring. Vigorous 
bubbling is observed, fpllpwed by precipitattqn of the spdiv^ carbpxylate salt of the Gd@C6o 
derivative. The solid is isolated, dissolved 'm water, an4 Partially purified with dialysis 

30 tubing (MW cutoff ~ 500). The water is riemoved from an aqueous solution of the 
carboxylate with a rot^ evaporator connected to a vacuuin soujbc; it is in^r^ to avoid 
decarboxylation by heating gently (< 50°C). Loweriiig the pH of aqueous solutions of the 
carboxylate salt can produce the acid form, which may hav§ less water soluWlity dependmg 



34 



wo 03/029137 PCTAJS02/31362 

on the niunber of acid groups present. Aqueous-phase size-exclusion chromatography (SEC- 
HPLC) mdicates that the Gd@C6o(C(COONa)2)x molecules are not clustered in laxge 
aggregates. Ion-exchange resin (Dowex-50, etc. etc.) can be used to change the counterion in 
Gd@C6o(C(COONa)2)x to other alkali metals etc. or to hydrogen proton) i.e. 
5 Gd@C6o(C(COOH)2)x. 

Significantly, the derivatized M@C6o materials Gd@C6o(C(COOCH2CH3)2)x> 
Gd@C6o(C(COONa)2)x, and Gd@C6d(C(COOH)2)x are all air-stable, showing no evidence 
for decomposition in the presence of oxygen and/or water over several months time, as 
10 indicated by long-term stability of their solutions (lack of precipitation and reproducible 
spectroscopy) and complete re-dissolution of airAvatw exposed solids. 

The mass spectrum in Figure 3 reveals Gd@C6o derivatized by Bingeladon reaction with 
diethylbromomalonate according to tiiis described invention to be 
15 Gd@C6o(C(COOCH2CH3)2>to with x peaking around 9 to 10 (due to the dominance of 

Gd@C6o, derivatized products of Hxc other species, i.e. Gd@C7o, etc. cannot be discerned by 
this analysis). Different preparations have slightly different amounts of the higjiier number of 
addends, and the MS-detected lower adducts (x = 2, 3, 4, 5, etc.) are likely the result of 
fragmentation by the desorbing laser. 

20 

The infirared spectrum (FUR) of Gd@C6o(C(COOCH2CH3)2)x confirms the presence of ethyl 
ester and carbonyl groups (C-H, 2925 cm'^; C-0, 1743 cm"^) on the fuUerene's surface. This 
derivative was converted to the fiiUy water-soluble species Gd@C6o(C(COONa)2)x via a 
deesterification procedure. FTIR spectroscopy of this material shows changes in the 
25 spectrum expected for conversion of a carboxyl ester to an alkali metal carboxylate salt (loss 
of C-H; OO, 1592 cm-^). 

Of note is the number of groxips added to the exohedral surface of the Gd@C6o molecules, for 
exatnple, iii Figure 3 ihe maximum is ~ 9 to 10 Bingel groups added. In comparison, using 
30 standard Bingel conditions on empty C6o, generally 6 groups are added to the Ceo surface, 
disposed in an octahedral pattern that minimizes steric interactions. The reason for the 
increase in number of added groups to M@Cso as opposed to Ceo may be due to the inherent 
electronic characteristics of the M@C6o species (affecting the extent of derivadzation) and/or 

35 



wo 03/029137 PCT/US02/31362 

the particular modified reaction conditions allowing for increased derivatization extent. 
There may be oxygen groups present as epoxides on the surfece of the derivatized fullerene 
arising &om unavoidable reaction of the Gd@C6o starting x^teiial vnih trace amounts of O2 
during its manii&cture and storage in the glovebox. 

5 

Tm@,Ca^, an endohedral metallofullerene soliable as an ion: 

Tm@C6o was deiivatibsed with diethylbrpmomalonate according to this invention. The 
reaction was perfppijed starting wifli a soluble form of the endohedral metallofullerene. A 

10 small number of lanthanide M@C6o species are soluble in moderately polar organic solvents 
as free cationic species, e.g. M@Ceo\ generated by oxidative extraction from sublimates 
(See, U.S. provisional application 60/326,353 filed October 1, 2001 and concurrently filed 
U.S. application "Purification of Endohedral and other Fulle;:enes by Chemical Methods", 
attomey docket number 109-01, whic|i is incorporated by reference in its entirety herein). 

15 This oxidative extraction was used as an enrichment/ptuification procedure prior to the 
(toivatization reaction, but it is not required for the derivatization reaction to be sticcessfiil. 
Catipiiic species formed by the oxidative esctraclicm of M@C6o have been found to be 
moderately soluble in pplar solvents and in soxm moderately polar solvents* Despite the 
cliemically reducing enviroivnent of the disQlo$ed reaction conditions, the derivatizgtio9 of 

20 soluble Tm@C6o^ species proceeds in an identical manner as with ins;oiuble Od@C5o, etc. 
The disclosed procedure also works to derivatize Tm@C6o etc. present in the Tm@C2n 
naaterial which is not extractable under oxidative conditions, further illustrating its utility for 
deiivatizing insoluble M@C6o etc. analogotis to the Gd@C6o compounds discussed in the 
section above. Other lanthapide M@C2ii probably in the same class as Tm@C2n include Sm, 

25 Yb, Eu and possibly Er. Other Mn@C2n which can be chemically qr electrochemically 
reduced to an anion Mi^@C2n*' or cheipically or electrochemically reduced to a cation 
Hi@C2n^ are also amenable to derivatization. For example^ Gd@C6o' can be derivatized. 

C74, an insoluble empty "anaU bandea^ fullerene f insoluble in both non^nolar and polar 
30 solvents): 

A fullerene mixture higlUy er»iche4 in C74 and small amounts of larger-cage small HOMO- 
LUMO gap fijllerene isomers was prepared by repeated washing of a mixed empty arc 
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fiilleiene sublimate with the organic solvent orr/io-dichlorobenzene. This washing was most 
eflSciently perforaxed with a continuously automatic cyclmg soxhlet extractor. It effectively 
extracted the majority of the soluble fullerenes, resulting in Hie ixiaterial as characterized by 
mass spectrometry shown in Figure 4. 

5 

This material, dominated by C74, was subjected to reaction under modified Bingel-type 
conditions as reported above for Gd@C6o. Substrates added to the C74 smface in this maimer 
include diethylbromomalonate forming C74(C(COOCH2CH3)2)x (Figure 5) and desyl bromide 
(2-bromo-2-phenylacetophenone) forming C74(C(COPh(Ph))2)x (Figure 6) as shown by LD- 
10 TOF MS on the reaction products. 

Insoluble "gian^ fullerenes present in fuUerene soot (insoluble in non -polaf and polar 
splyents) : 

Low-pressure combustion-produced fullerenic soot contains a mixture of soluble iidleienes, 
15 insoluble small-bandgap fullerenes, insoluble "gianf fullerenes (which likely exist as a wide 
mixture of stmctural isomers with different niagnitudes of HOMO-LUMO gaps), graphitic 
soot resembling partially constmcted fullerenes^ non-fuUerehic graphitic and amoiphotis soot 
particles and polycycUc aromatic hydrocarbons (PAHs)- FuUerene soots generated by other 
methods, for example tiie arc method, are similar in composition, but witii vaiyitig 
20 proportions of constituents. The soluble components, fullerenes C211 (with 2n ^ 

approximately 1 00) and PAHs, can be removed by solvent extraction with xylene or other 
solvents. The remaining insoluble soot solids contain a significant amount of "giant" 
fiiUerenes, whidi in order to be used in technological applications need to be removed firom 
this soot matrix. 

25 

Fullerenic soot was produced under standard low-pressure combustion conditions* All freely 
soluble components (large-bandg^ fidlerenes Cto where 2n = 60, 70, 76, 78, 84, etc. and 
polycyclic aromatic hydrocarbons) were first removed under conventional solvrat extraction 
conditions. The remaining insoluble soot solids coiitain a significant amount of "giant^ 
30 fullerenes (with n approximately ^ 50) and the small-bandgap fuUerene C74 (and other small- 
bandgap Can with n ^ 50) mixed in with non-fiiUerene carbon materials including graphitic 
soot resembling partially constmcted fullerenes, non-fullerenic graphitic and amorphous soot 
particles. The "giant" fullerenes (with appioxknately ^ 50) and the small-bandgap fuUerene 
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C74 (and o%r small-ba^gap Qzn ydih |i ^ 50) can be selectively separated ftom the non- 
fiillerene carbon materiajs by reaction under the disclosed cyclopropanation reaction 
conditions, effecting th^ soluble in solvents and removing them from the insoluble, 
unreacted npn-fiillerene carbon materials by filtration. The soluble, derivatized "giant" 
5 fullerenes (with approximately ^ 50) and the small-bandgap fullCTene C74 (and other small- 
bandgap Can willi n <^ 50) can be used as derivatized for further applications if desired, or can 
be re-generated as an ui^cl^nvati^ mixture of insoluble fiillerene molecules by removal of 
the derivative groups. 

10 Removal of "gianf ' fullp^enes firom the insoluble soot matrix can be effected by the disclosed 
invention. Figure 7 shows a LD-Tt)F MS of a typical insoluble soot material obtained by 
low pressure flame combustion synthesis of fullerenes. This material has had die soluble 
fiactipn removed by continuous solvent extraction with or/feo-xylene. Clearly visible is a 
wide range of large fullere^aes along with lesser amounts of smaller fiillcacenes, including the 

15 inspliible SBF C74. Arc-produced fuUerene soot has siinilar pharacteristics as seen with mass 
spectromel^, but can have higjier proportions of C74 relative to the other SBFs. Insoluble 
graphitic soot resembling partially constructed fullerenes, non-fullerenic graphitic and 
amoiphous spot particles do not show up in the LD-TOF MS of Figure 7 because of thdr 
large molecular weights and/or resistance to generation of their gas phase ion(s). 

20 

The mixed combustion-produced fullerenic soot (as in Figure 7, depleted of soluble species 
as above) is subjected to the disclosed derivatization reaction conditions. 1 00 mg of mixed 
combustion-produced fqllerecdc soot is suspended in 1 0 mL dry tetrahydrofuran with rapid 
stirring inside of the glovebox. 200 mg of diethylbromomalpnate is added with stirring 

25 (8.3x10"* moles), followed by addition of 50 mg of KH (1 .3x10"^ moles). Rapid evolution of 
gaseous hydrogen observed (^ncunenlly with the formation of a very daric brown solution. 
This solution coirtains cyclopropanated "gianT Czn fullerenes (wilh n ^roxunately ^ 50) 
and the small-bandgap |ullerene C74 (and other s?qaall-bandgap €20 with n ^ 50), v^^ch haye 
now attaip,e4 solu]3ihty. They are separated fix«n #ie remaining insoluble soot (non-fullerene 

30 carbon njaterials) anjl ujjireacte4 solid KH by filtration through a MiUipore 0.45 |im 

membrane filter or equivalent filtration ^aratus. LD-TOF MS of these soluble derivatives 
reveals a broad continuufn pf high-mass species, unresolvable as individual ion signals likely 
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due to the incredibly diverse mixture of species and their complicated, overlapping 
fragmentation patterns. The mixed, derivatized, solubilized **gianf ' fuUerenes (with n 
approximately ^ 50) and the small-bandgap fiillerene C74 (and other small-bandgap Can with 
n ^ 50) molecules can then be isolated as a microcrystalline solid by removal of the 
5 tetrahydrofuran solvent by application of reduced pressure, for example. 

Because the starting ratio of the "giant** fullerenes (with n approximately ^ 50) and the small- 
bandgap fiillerene C74 (and other small-bandgap Cin with n ^ 50) to the non-fiillerene carbon 
materials in the starting soot is unknown, the perc^t yield of derivatized ^'gianf ' fiillerenes 
10 (with n approxunately > 1 00) and the small-bandgap fiillerene C74 (and other small-bandgap 
Can with n < 100) can not be determined. 

When desired, a mixtcire of un-derivatized "giant" fullerenes (with n approximately ^ 50) and 
the small-bandgap fiillerene C74 (and other small-bandgap C2n with n :S 50) can be generated 

15 by removal of the adduct groups. This is effected by a modified retrd-Bingel reaction s imil a r 
. to that of Echegoyen and co-workers (Moonen, 2000; Beulen, 2000). In the modified 
conditions reported here, a soluble reducing agent cobaltocene (CoGp2, Cp' = 
cyclopentadienide; E"^ - -1.3 V vs ferrocene) vras used to perform the retro-Bingel reaction 
on the giant fiilleienes. 50 mg of mixed '^gianf ' fullerenes (with n ^proximately ^ 50) and 

20 the small-bandgap fiillerene C74 (and other small-bandgap C^n with n ^ 50) is dissolved in 10 ' 
mL tetrahydrofinan with stirring (in the glovebox in the absence of oxygen and water, etc. 
and with dry, purified solvent, etc.). The number of moles is undetermined because of the 

' mixture nature of this material; it is certainly equal to or less than 1x10"^ moles of fiillerenes. 
200 mg soUd CoCpa (1x10^ moles) is added with stining. A precipitate of mixed 

25 underivatized "giant" fiillerenes (with n approximately S: 50) and the small-bandgap fiillerene 
C74 (and other small-bandgap Can with n ^ 50) forms and is separated by filtration. This solid 
is washed with acetonitrile and hexanes to remove any unreacted CoCp2. Figure 8 displays 
the LD-TOF MS of the spUd product, a wide-ranging distribution of "gianf ' fiillerenes (with 
n approximately > 100) and the small-bandgap fiillerene C74 (and other small-bandgap Can 

30 with n < 100) that have been separated fit)m the insoluble, non-fiillerenic darbon materials 
present in combustion soot. Following the net purification process described above, the giant 
fiillerenes of Figure 8 are now suitable for subsequent ftirther derivatization of their surface. 
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for example to introduce proton-transporting groups (hydroxyls, sulfonates, phosphonates, 
etc.) for their usage in proton QOn(;luctive membranes of fuel cells (Hinokuina, 2001 (a,b)). 
Purified giant fullereqie^ are tlien also amenable for use in other developing technological 
applications of fuUerenes. 

5 

Important to note is the fact that all the fullerenes in Figure 8 were previously soluble as 
derivatives and passed through a MiUipore 0,45 pm membrane filter without impediment. 
This indirectly demonstcates Iheir intermediate derivatization status despite the unavailability 
of resolved mass spectra for th^ derivatized mixture. Following the net purification process 
10 described above, fhe giaat fiill^renes of Figure 8 are now suitable for subsequent fiulher 
derivatization of their surface, for example to introduce proton-transportii^ groiq)s 
(hydroxyls, sulfonates, phosphonates, etc.) for their usage in proton conductive membranes of 
fiiel cells (Hinokuma, 2P01(a,b)). Purified giant fidlermes are then also amraable for use in 
other developing technological applications of fiillerenes. 

15 

Gd-containing Metal-Carbon Nanoencapsulates (insoluble in non-polar and polar solvents): 
Metal-carbon nanoencapsulates (MCNs) are nanpmeter and larger particles conisisting of a 
multi-layer fiilleiene-like carbon coating surroimding an interior metal nanocrystal 
(McHenry, 2000). MCNs are produ^ced along with endohedral metallofiijlerenes in the 
20 carbon arc synthesis. TheoutersurfaceofMCNsis verysiinilartp the 

ftdlerenes (above) apd thus is similarly derivatized. Deriv^ti2ation will be important for 
developing technological applicati9ns of MCNs, because it will allow solubilization, 
chro;DaatQgraphic sLze separation, etc. 

25 Gdncontaining MCt^f w^ pro4uced in an arc T^0tg>j using Gd-iznpregaated gra|diite rpd^, 
sep^t^ magnetically from the spot product, an^ characterized by electron microscopy, 
revealing a da^tnbu|ion of ^iperent size4 MCNs (1 - 25 urn diameter). These Gd-MCNs, 
sidgected to the disfclosed reaction con4itiqiiis for cyclopropanation with 
diethylbromomalon^te, are shown with solictTState FTIR spectiroscopy to have the 

30 cyclopropanated groups att^h^ to th? outer MCN surface. These groiips then can serve as 
attachment points for liijdng solubiUzing groups, bio-active directing groups (proteins, 
peptides, antibodies, etc.) and so on. MCNs will have applications as potent MRI contrast 
enhancing agents, vehicles for encapsulftted delivery of ra4ionuclides in vivo, and as 
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nanoscale units of magnetic metals for ferrofluid and magnetic data storage applications 
^cHeniy, 2000). The derivatization of other large, insoluble carbon materials such as 
nested onion carbon nanoparticles and carbon nanotubes proceeds in a similar manner to the 
derivatization of MCNs. 

Carbon N anotubes ( insoluble in non-nolar and polar solvents, tiiiese materials can be 
dispersed in solvents with sonication and the use of surfactants!* 
A commercially obtained sample of S WNTs (single-walled nanotubes) is reacted under 
modified Bingel-type conditions as reported above for Gd@Qo wth dietiliylbromomalonate. 
Infrared spectroscopy of the reaction product reveals the presence of cyclopropanated adduct 
gtoiips attached to the side-wall SWNT surface. The covalent addition products are stable in 
ak and in the presence of water. The derivatization protocol worics on SWNTs, MWNTs, 
nanotubes of varied diameters, and both natural length and chemically shortened nanotubes. 
The method of ibis invention can be applied to nanotubes produced by different production^ 
methods (carbon arc me&ods, HiPCO processes, etc.)- The derivatized carbon nanotubes can 
be chemically manipulated, cross-linked to one another through their derivative groups, etc; 

Gd@C«7, a typical s oluble endohedral metallofullerene (slifihtiv soluble in polar and non- 
polar solvents^: 

Gd@C82 is representative of the soluble endohedral MU@C2n species commonly available in , 
small quantities. It can be derivatized according to the disclosed process, forming by reaction 
with diethylbromomalonate Gd@C82(C(COOCH2CH3)2)x. This material is also of interest as 
an MRI contrast enhancing agent (Zhang, 1997; Wilsoii, 1999; Mikawa, 2001). Other 
soluble Mtn@C2a similarly derivatizable include M2@C8o species, Sc3@C2ii species, 
M3N@C2n and related species (e.g. Sc3N@C2n , ErSciN@C2n >etc.)- 

Cgu the prototypical soluble fiillerene (soluble in non-polar solvents, but substantiallv 
insoluble in polar solvents'^: 

Figure 9 shows the TOF-MS of empty Ceo that has been derivatized according to the standard 
conditions of this invention disclosure with diethylbromomalonate. Using excess quantities 
of reagents, the reaction tends to go to completion at 6 or 7 cyclopropanations 
(methanofiillerene adducts). 



41 



wo 03/029137 



PCT/US02/31362 



Additon of Tethered Cyclopropanation Reagents 

The current invention cap be ijsed to improve on the attachment of multi-functional "tethef 
reagents to fiillerenes. Advantages conferred may include increased yield, decreasied reaction 
time, decreased reaction temperature and lower cost 

5 

The tether compound cycr/f>-[3]-octyhnalonate C33H54O12 is prepared and isolated as 
described in Reuther, 2002. Next, bromination of the carbons alpha in position relative to the 
1,3 dicarbonyl groups of the malonate portions of c);c/o-[3]-pctylmalonate is performed with 
3.1 equivalents of broi^ine (or an alternatively suitable bromination agent, e.g., 
10 bromosuccimznide). Alternatively, a suitable halogenation (CI or I) agent can be employed, 
e.g., i\r-halosuccinimide). The tribrominated product C33H5iOi2Br3 is purified by flash 
chromatography oii silica gel. Alternatively, chlorination or iodination of the alpha-carbon 
positions can be pq:forn^ed in place of bromination. The cvc/o-[3]-octyhnalonate is thus 
converted to the suitable cyclopropanation reagent (reaction substrate) by tris-halogenation. 

15 

An example of the reaction of 1|ds tether with is presented here. The reaction procedure 
is conducted inside of the gloyebox. Qo powder (100 mg, -1 .4x10"^ moles) is stirred 
vigorously in 5 ml dried tetrahydrofuran (THF) for five minutes. One equivalent of 
tribrominated cyc/o-[3]-octylmalonate (122 mg, --1 .4x10"^ moles) is added; the mixture is 

20 rapidly stirred for 5 minutes. Next, excess solid KH (50 mg, 1 .3x10"^ moles) is added Avhile • 
stirring rapidly. Within several seconds, bubbles from the evolution of H2(g) are visible, and 
within 5 minutes the dark brown color of derivatized fullerene is observed In solution. The 
reaction xnixtoce can be ;stirred for as Utde as IS minutes; usimlly it is stirred for 1.5 hours to 
allow for maximum reaction yield, but this is not required. Then the stirring is halted, Ifae 

25 unreacted portion of the fuUerenes £|nd Klf is allqwed to settle, and very dark-*brown solution 
is decanted away. This solution is passed through a 0.45 jjun MUlipore membrane filter and 
the TEIF solvent is r^oved under vacuum. The product is analyzed by LD-TOF MS (&om a 
sulfiir matrix) showing the addition of one tether group per Ceo (as C6o(C33H4sOi2), m/z = 
1357), with negligible apioiants of a two tether groups attachi^d per C^o compound formed. 

30 This derivative now has splubility in a variety of common polar and non-polar organic 
solvents. Chromatograp|iic pmification can be used to separate the majority e,e,e isomer 
product from minority amounts of iramA, trarjs-A, trans A isomer product as described in 
Reuther 2002. 
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the tether-deiivadzed Ceo species can be converted to the water-soluble species by removing 
the tether with de-esterification to carboxylic acid or carboxylate salt groups. This is 
perfonned by the method of HKrsch (Lamparfh, 1994). The ester derivative (lOOmg) is 
dissolved in toluene (15 mL) and vigorously stirred at reflux with excess solid NaH (lOOmg) 
5 under argon for 2 —3 hours. Next, methanol (3 mL) is added with stirring. Vigorous 
bubbling is observed, followed by precipitation of the sodium carboxylate salt of the Ceo 
derivative. Aqueous acidification yields chiefly C3-C6o[C(COOH)2]3 (witii possible minor 
amounts of other isomer(s) depending on derivatization reaction conditions and any 
diromatogtaphic purification perfonned as above). These improvements are valuable as the 
10 trisadduct compounds of formula C6o[C(COOIQ2]3 have potential pharmaceutical 

educations as neuroprotectaiits (US Patent 6265443) based on well-documented antidxidant 
and radical scavenging properties. 

The cyclppropanation reagent of tiie method of this invention can also be generated in situ hy 
15 treatment of cyc/o-[3]-octylmalonate with halogen-releasing agents such as CBr4, h, etc. (as 
described by Camps, 1997; Merengarten, 1997). This allows for derivatization without prior 
isolation of the trihalogenated cyc/a-[3]-octylmaIonate species. The Cainps and Nierengarten 
references are specifically incorporated by reference herein to provide details including 
usefiil halogen-releasing agents and esters and acids of in situ generation of 
20 cyclopropanatioii reagents. 

The above example with Ceo is illustrative of the application of the new reaction conditionus 
for attaching a tethered multi-*functional cyclopropanation reagent; this reaction is generally 
applicable otiier fiiUerenes classes including: the insoluble M@C6o class of M@C2ii, soluble- 

25 as-ions Mx@C2n species^ insoluble small-rbandgap Qza fuUerenes including C74, insoluble 
"giant" fiillerenes C2n (where n > 50), soluble Can, soluble Mx@C2ii, and other endohedral 
fullerenes, metal-carbon nanoencapsulates and carbon nanotubes. These reactions may be 
performed with different size tettiered cyclopropanation reagents such as cg;c/o-[n]- 
octylmalonates wi^ n > 3 as well as modified cyclo-species with different length and 

30 composition spacers in place of the octyl groups. This can also include tether motife that link 
malonates or similar reactive substrate groups with a chemical backbone entirely different 
from the above cj/c/o-[n]-alkyl motif 
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Radioactive -Metal Containinpr ^(3^n^ anH TU^far.;^ 

The disclosed deiivatizatioii lAethqd works on radioactive-metal containing M@C6o ^d 
Mm@C2n produced by the following methods; 

5 -arc synthesis with radioactive metal precursqr(s) followed by purification, etc. 

-neutron activation after manufacture/purificalion of endohedral species (Cagle, 

1999). 

-"ion iijiplantation** of radioactive elements into the fiillerene cage 
-nuclei recoil implantation via activation of interstitially embedded elements in solid 
10 fullerene lattices. 

The disclosed invention provides an easy and convenient means for deiivati2dng and 
solubili^g radioactiv^metal containing radphedral fidlerenes, including M@C6o species, 
vMch are nonnally inspluble* This is particularly important, because with generation 

15 techniques of ion implantation and nuclear recoil/neutron activation of uiterstitials, the 

starting fidlerene can be pure C6o, so any endohedrals generated will be ^^©C^o species. It 
can also be important to have a &stnacting solubilization reaction, vduch this inv^tiion 
provides, because tjie half-lives of some of the desired radioactive nuclei may be relatively 
short. Solubilization in general, and water soliibilization specifically, are required for the 

20 radioactive endohedrals to ftmction successfully as radio-pharmaceuticals. A detailed 
example of the advantages the disclosed invention convey to endohedral fullerene 
radiopharmaceuticals is below. 

This example illustrates how the difference in the soliihility between M@.C6o and empty Qo 
25 can be combined vn&i the new derivatizafion method to prepare a carrier fiee, high specific 
activity C^o-based radionuclide carrier that is useful for nuclear medicine is described below. 

Holmimpi oxide, H02O3, powder was coated with fioffi tpjuene solution by evcqporatipn in 
a rotary evaporator to yield holmium oxide particles covered with a thin layer of Ceo. The 
30 coated particles were d4ed mider vacuum with a 12-hour temperabue ramp starting at room 
temperature and ending at 250 ""C, After drying, approximately 10(hng of the coated 
particles was sealed imder He in an aluminum can suitable for insertion into the core of the 
high flux isotope reactor (HFIR) at Oak Ridge National Laboratory. 
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The sample was subsequently irradiated with thermal neutrons at a flux 1 x 10^^ or greater for 
period of several hours. During neutron activation, *^^Ho atoms in the holmium oxide absorb 
neutrons and are converted to ^^^Ho, a beta-emitting radioisotope with a half-life of 26 hrs 
that is suitable for cancer treatments and other nuclear medicine uses- Absorption of a 
5 neutron produces a prompt gamina decay, which caxises the newly formed ^^^o to recoil 
with range of energies iq) to a maximum energy of 126 eV. Some of the more energetic 
recoils free Hie ^^o from the hdhnium oxide lattice allowing it to izidBltrate into the Ceo 
layers. A fraction (1-1 0%) of tiiese recoiling nuclei then poietrate tibe cages producing 
'^^o@C6oradio-metalloftdIerene molecules. la addition to tihie ^^^o@C6o, fee nuclear recoil 
10 reactions also produce fiBctured and/or fragmented Qo molecules tibat subsequently 

polymerize, ^^o atoms that are intercalated into the C6o lattice, and hot ^^olmium oxide. 
Insertion of atoms into Qo by nuclear recoil has been described CBraun, 1998) while the 
processes that occur to fuUerenes and metallofiiUerenes during nucleiar activation has been 
thoroughly reviewed by Thrash et al (Thrash, 1999). 

15 

After removal from the reactor, the sample can was emptied into toluene solution and the 
holmium oxide particles were thorou^y washed to remove empty C^o- The washes were 
repeated until the toluene was clear. The insoluble material containing the holmiimi oxide, 
faisoluble ^^o@C6o, and polymoized Ceo was then subjected to the derivatization reaction 

20 with diethylbrorhotnalonate hi THF tising the procedure outlined previously for Gd@C6o* 
The ^^o@C6o was derivatized with tip to 9-10 ethyl malonates and became soluble in the 
THF, \;^e the fractured Ceo polymer and holmium oxide particles remain insoluble. The 
THF solution was then filtered to yield nearly pure *^d@C6o(C(COOCH2CH3)2)3& x s 1-10. 
Some derivatized Ceo and derivatized Ceo oligomers (diiners, trimers) may also be present 

25 As noted earlier, 1 -3 oxygen atoms as epoxides or other cdrifiguratioiis may be present on the 
derivatized ^^^o@C6o. ^^^o ions complexed by THF are also present m the solution. 
Depending on the activation parameters and the amount of time elapsed since the end of 
activation, a variable (but which can be calculated) amount of 
^^^r@C6o(C(COOCH2CH3)2)x, the decay product of the ^^^o, will also be present. 

30 

The THF is removed by evaporation and the ^^^o@C6o(C(COOCH2CH3)2)x carboxylic acid 
ester is then re-dissolved in toluene, ^^o salts and any reduced C60 are xiot soluble in the 
non-polar toluene. The sample is then de-esterified using the process previously described 
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producing the water solijWe so^^um carboxylate salt ^^o@C6o(C(COONa)2)x, which was 
then dissolved in ultra high purity de-ionized water. The water-soluble sample wias then 
filtered thiougfh a H** loaded ion exchange column to remove excess hydroxide firom the de- 
esterification process and any remaining traces of ^^^o. The sample, now in the free acid 
5 form is ready for further derivatization to produce compounds for nuclear medicine. It could 
for example be conjugated to nionoclonal antibodies or polypeptides to form targeted cancer 
therai^es usuig standard methods for linking cazfoox/Uc acids to proteins and peptides. 

A pomt to note is that the metallofullerenes only encapsulate the radioactive species, tiius 
10 producing a caraer-firee compound with a very high specific activil^^ i.e., all of the 

metallofuUeren^ are radioactive, vAnch is what is required for successfiil cancer ther^i^3. 
The second key point is that the new derivatization method allows only the radioactive 
metallofullerenes to simultaneously d^rivatized and purified fix)m the otiier conjjjoimds such 
as Ceo, polymerized Ceo, firee "^ohnium, and holmiym oxide present in the inadiated 
15 sample. Any reactive substrate suitable with the disclosed method could have been used in 
place of the diethylbromomalonate including reactants containing peptide linkers or even 
small peptides. The radioisotope is not limited to ^^^o, but can be any radioisotope capable 
of recoiling into a ftdlerene during neutron activation and that forms a toluene insoluble 
endohedral fuUerene suitable for ii?e with the new disclosed derivatization reaction(s). 

20 

Applications for the cyclppropanated endohedral metallofullerene radiopharmaceuticals 
include radiotracers (possibly capable of crossing the blood-brain barrier) for nuclear 
imaging, therapeutics (with the possibility of targeting via attached functionalities) and as 
components in fiillerene coatings of medical prosthetic devices. 

25 

Another pharmaceutical application for endohedral metallofullerenes is use as generators of 
singlet oxygen (TagmataTchis, 2001), which can be used therapeutically in vivo to treat 
disease. 

30 Those of ordinary skill in the ^ will appreciate that materials and methods other than those 
specifically described herein can be employed in the practice of this invention without 
departing fix>m the scope of this invention. 
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i 

All references cited herein are hereby incoiporated by reference in their entirety to the extent 
that they are not inconsistent with the disclosure herein. 
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We claim 



1. 



A method for derivatizing one or more fullerenes comprising the steps of: 



a. 



providing the one or more fullerene as a solid; and 



b. 



contacting the ftzllerene solid with a suitable base, and a cyclopropanation 



reagent in the presence of an at least moderately polar aprotic solvent, wherein the 
cyclopropanation reagent has the formula: 



where A is a C or Si atom; 
LG is a leaving group; and 

Ri and R2 are mdependently selected firom the group consisting of optionally 
substituted alkyl, alkenyl, alkynyl, or aryl groups, -COOR3 groups, -O-CO-R3 
groups, -COR3 groups, -CO-NRaRi groups, -O-CO-NR3R4 groups, -CN, - 
P(0)(0R3)(0R|) groups, and -SO2R3 groups v^ere R3 and R4 are mdependently 
selected firom hydrogen, or an alkyl group, alkenyl group, alkynyl group or aryl 
group any of which may be optionally substituted, wherein one or more non- 
neighboring CH, or CH2 moieties in Ri. R2, R3 or R4, can be replaced with an O or 
S atom and wherein one or both of Ri and R2 contain at least one electron 
withdrawing or other moiety that stabilizes a negative charge to render the H 
bonded to A acidic and Ri and Ra optionally contain one or more -AHLQ- groups 
and wherein two or three of Ri, Rior LG may be covalently linked to each other 
to fomi one or more rings; 



such that at least one >ARiR2 group is covalently bonded to the fullerene. 
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2. The method of qlspm 1 wherein LG is selected from tho group -CI, -Br, -I, and - 
OSO2R where R is an optionally substituted aUcjrl or aryl groiq). 

3. The method of c^^aim 2 lyher^in R is an alkyl or aiyl group substituted with one or 
more halogens. 

4. The method of clfimi 3 wherein R i3 a -CF3 grqiq) or a -C4F9 group. 

5. The method of glaim 2 wherein LG is -Br. 

6. The method of claim 1 wherein Rx an4 R:; are independently selected from the group 
consisting of -COOR3 groups, -O-CO-R3 groups, -COR3 groups, <!0-NR3R4 groups, - 
O-CO-NR3R4 groups, -CN, -P(0)(OR3)(OR4) groups, and -SO2R3 groups. 

7* The laethod of clfim 6 i?^erein Ri and R2 are both -COOR3 groups. 

8. The method of claim 1 wherein Ri and R2 are covalently linked to form a ring. 

9. The method of claim 1 wherein one or bqth of Ri and R2 contain one or more - 
AHLG- moieties. 

10. The method of claim 1 wherein one or both of R3 and R4 are substituted with one or 
more substituents whic|i may be the same or different and which are selected firom the 
group consisting of -CO, -0C0-, and -NR5R4 ^ere R5 and Re independently are 
hydrogen, an aryl group, an alkyi groiqp, or an alkenyl group. . 

1 1. The method of <^a|m 1 wherein t|ie cyplopropanation reagent has the formida: 

(CH2)n 

LG H 




§ 1 



where LG is a leaving gcqvap ami n f^a^ x ajce i|:^gers that arc 2 or more. 
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12. The method of claim 1 1 v^eiein n is 2-20 and x is 1-10. 

13. The method of claim 1 1 wherein n is 6-10. 

14. The method of claim 1 1 wherein x is 1-5. 

15. The method of claim 1 1 wherein LG is -CI, -Br, or -L 

1 6. The method of claim 1 wherein 5 or more >ARiR2 groups are covalently bonded to 
the fuUerene. 

17. The method of claim 1 wherem 5-10 >ARiR2 grotq[>s are covalently bonded to tiie 
fullerene. 

18. The ihethod of claim 1 wherein a mixture of fuUerenes are derivatized. 

19. The method of claim 1 wherein the fullerene is not substantially soluble m non-polar 
organic solvents. 

20. The method of claim 1 wherein the fullerene is an empty sinaU bandgap fiillerene. 

21 . The method of claim 1 wherein the fullerene is an endohedral M@C6o class fullerene 
and M is an element selected from the group consisting of lanthanide metals, actiiiide 
metals, transition metals, alkali metals, and alkaline earth metsds. 

22. The method of claim 21 wherein M is a lanthanide metal. 

23. The method of claim 22 wherein M is Gd. 

24. The method of claim 23 wherein 5 or more >ARiR2 groups are covalently bonded to 
the fullerene. 

25. The method of claim 23 wherem 5-10 >ARiR2 groups are covalently bonded to the 
fullerene. 

26. The method of claim 23 wherein 10 or more >ARiR2 groups are covaleatly bonded to 
the fullerene. 
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27. The method of 1 wherein the fullerene is an endohedial M@C6o class fiillerene 
and M is a radioactive element 

28. The method of 9|aim 1 whereui the fujleiene is a giant fiillereiie. 

29. The method of claim 1 wherein the fullerene is a metal-carbon nanoencapsuiate. 
3 0. The method of cl^im 1 v^ierein the fullerene is a carbon nanotube. 

3 1 . The method of cteim 1 wjierein &e fuUerene is a soluble fullerene selected from the 
group consisting of Czn and M^Qzn. 

32. The method of claim 1 vyherein step b) is caiped out in a substantially air-firee 
environment 

33. The method of p}a^ 1 wherein an expes^ of cyclopropanation reagent and base are 
added. 

34. The method of claim 1 \?v4ierein the solvejjt is selected firoip the group consisting of : 
aliphatic ethers, ^1 efl^ers, cyclic ethers, halogenated alkanes, halogenated beja?enes, 
di^lJcylsulfoxid^S and mispible combinations thereof. 

3 S. The method of qlaim 33 w|ierein the soly^^ is dicblozpmethane, tetrachloroethane, 
ortho«<lichlorobenzene, halobenzenes or miscible combinations thereof. 

36. The method of claim 1 wherein the solvent is tetrahydrofiiran, 1 ,4-dioxane or 
dimethoxyethane. 

37. The metho4 of 0^^^ 1 wherein the solvent is tetrahyc^oftp^ 

38. The method of clpim 1 wherein the solid fullerene is provided in powdered form. 

39. The method of claim 1 conducted at ambient ten^erature. 

40. A method for mj^ng fullej^^ne derivative comprising the steps of: 

providing one or more fiiUerenes ^ a solid; and 

contacting the fullerene solid with a solution comprising an at least moderately 
polar aprotic solvent, a suitable base, and a cyclopropanation reagent, wherein tiie 
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cyclopropanatioii reagent has two or more cyclopropanation reaction groups cojoined 
in one molecule by covalent moieties of variable length separating the reaction 
groups; such that two or more of the cyclopropanation groups of the cyclopropanation 
reagent react with the one or more fiillerenes. 

41 . The process of claim 40 wherein the two or more cyclopropanation groups of the 
same cyclopropanation reagent molecule react with a single fuUerene molecule. 

42. The process of claim 40 vviieiein the two or more cyclopropanadoii groups of the 
same cyclopropanation reagent molecule react with more than one fiillerene molecule. 

43. The process of claim 40 Mdierein the fullerene is Ceo* 

44. The process of claim 40 wherein the cyclopropanation reagent is a cyclo-ln]- 
allc/lmalonate which contains a leaving group at the alpha carbon of one or moreH? ^ 
malonate moieties in the reagent. 

45. The process of claim 44 wherein the cyclopropanation reagent is a cyc/o-[n]- 
octylmalonate which contains a leaving group at the alpha carbon of one or more 
malonate moieties in the reagent. 

46. The process of claim 40 conducted at anihient temperature. 

47. The process of claim 40 wherein the solvent is selected from the group consisting of 
aliphatic ethers, aryl ethers, cyclic ethers, halogenated alkanes, halogenated aryls, 
dimethylsulfoxide and miscible combinations thereof. 

48. The process of claim 40 wherein the solvent is tetrahydrofuran, 1 ,4-dioxane, or 
dunethoxyethane. 

49. A derivatized fullerene comprising a fullerene selected from the group consisting of 
enqrty small band gap fullerenes, M@C^ class fullerenes, vAicto M is any metal,, 
giant fullerenes, carbon nanotubes, and metal-carbon nanoencapsulates derivatized 
with one or more chemical groups selected from the group >CRiRa and >SiRiI^ and 
where Ri and Rz are organic groups independently selected from the group consisting 
of optionally substituted aryl groups, -COOR3 „ -O-CO-R3, -CO-NR3R4, -COR3, - 
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CN, -P(0)(OR3)2 , SO2R3, -and 0-CO-N R3R4 where R3 and R4 are independently 
selected &om hydrogeii, an aryl group, an aU^l gro)ip, or an alkenyl group each of 
which may be ^b^tut^d with one or more substituepts selected from the group 
consisting of -CO-, -OCO-, and -N(R5)2, where R5 is hydiogeni, an aryl group, an 
al^l group, or an alkenyl group. 

50. The derivatized fiiUerene of claim 49 which has 5 or more >CRiR2 groups covalently 
bonded to its surface. 

51. Th|B derivatized fuller^ne of claim 49 Avhich has 10 or more >CRiR2 groups 
covalently bondied to its sur&ce. 

52. A derivatis^d fullerene comprising a fiillerene selected £rom the group consisting of 
empty small band gap fuUer^es, M@C6o class fiollerexies, where M is any metal, 
giant fliUerenes, carbon nanotubes, and metalncarbon nanoencapsulates aiid a tethered 
m\ilti-*functional cyclopropanation reagent 

53. The derivatized fuUerene of claim 52 whec^ tile 
fiillerenes where M is any magnetic or radioactive metal. 

54. The derivatized fullerene of claim 52 wherein the cyclopropanation reagent is a cyc/o- 
[n]-a|kylm3lpnate which contains a leaving group at the alpha carbon of one or more 
malonate moieties in the reagent. 

55. A method fqr purification of one or more fi^eren^s $rpm a fuUerenic material, which 
comprises the one or rnore fujlerenes and non-fuUerenic carbonaceous material, which 
method comprises the st0p$ of: 

a. providing the fuU^remciziatexi^ 

b. contacting the fuUerenic niaterial witii a suitable base, and a cyclopropan^tipn 
reagent in an at least moderately polar aprotic solvent, wherem the 
cycloprppanatioh reagent has the formula: 
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.Ah 

where A is a C or Si atom; 
LG is a leaving group; aad 

Ri aad R2 are independently selected from the group consisting of optionally 
substituted alkyl, alkenyl, alkynyl, or aiyl groups, -COOR3 groups, -O-CO-R3 
groups, -COR3 groups, -CO-NR3R4 groups, -O-GO-NR3R4 groups, -CN, - 
P(O)(OR3)(0R4) groups, and -SO2R3 groups where R3 and R4 are mdependently 
selected &om hydrogen, or an alkyl group, alkenyl group, alkynyl grottp or atyl 
groiq) any of which may be optionally substittxted, wherein one or more non- 
neighboring CH, or CH2 moieties in Ri, R2, R3 or R4, can be replaced with an O or 
S atom and wherein one or both of Ri and R^ contain at least one electron 
withdrawing or other moiety that stabilizes a negative charge to render the H 
bonded to A acidic and Ri and R2 optionally contain one or more — AHLG- groups 
and wherein two or three of Ri, R2 or LG may be covalentiy linked to each ofiier 
to form one or more rings; 

such that a sufficient number of >ARiR2 groups are covalentiy bonded to at least 
one of the one or more fullerenes to render the one or more derivatized fuUerene 
soluble in the moderately polar aprotic solvent; 

c. separating the one or more solublized derivatized fullerenes from any non- 
soluble fullerenes, non-soluble non-fiillerenic carbonaceous material or both; 
and 

d. treating the one or more separated solubilized derivatized fullerenes to remove 
the >ARiR2 groups to regenerated the one or more non-derivatized fullerenes, 
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